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Despite the growing body of research investigating the relationship between the neighborhood 
environment and cardiovascular disease-related outcomes, many studies have methodological 
limitations.  A major challenge in the study of neighborhood exposures and health-related 
outcomes arises due to the possibility that individuals may select where to live based on 
individual behaviors or preferences (i.e. residential self-selection).  Another challenge is the need 
to account for time-varying confounding, which may result when neighborhood exposures and 
individual-level factors vary over time, possibly acting as both confounders and mediators.  This 
dissertation used longitudinal data from the Multi-Ethnic Study of Atherosclerosis (MESA) to 
examine:  1) whether individual physical activity and diet quality were related to selection of 
neighborhoods based on availability of physical activity and favorable food resources; 2) 
whether changes in the availability of physical activity resources was related to changes in 
individual physical activity; and 3) whether neighborhood socio-economic composition was 
related to incident cardiovascular disease after accounting for time-varying confounding.  The 
findings show that among individuals who moved, those who were more physically active 
moved to neighborhoods with greater availability of physical activity resources.  The results also 
show that changes in physical activity resources over time were related to changes in physical 
activity over time, with a stronger association observed among older adults.  Overall, these 
results suggest that individuals select their neighborhoods based on physical activity behaviors, 




simultaneous changes in the physical activity of residents.  The estimation of the relationship 
between neighborhood socio-economic composition and incident cardiovascular disease revealed 
that increasing neighborhood deprivation was associated with a greater risk of incident 
cardiovascular disease.  This association was similar after using methods to account for time-
variation in both the exposure and covariates.  Using longitudinal methods to account for 
residential selection and time-varying confounding in the context of neighborhoods and health 
provides more robust evidence that can inform policies aimed at improving residential 







Over the past several years, many studies have investigated the role of neighborhoods and 
residential environments in health (1-4).  The impetus for this research stems from growing 
evidence that suggests that in addition to considering individual risk factors with respect to 
individual health outcomes, considering the factors related to the environments in which 
individuals live may also be important in predicting health outcomes.  The theory that residential 
environments may be related to health outcomes has been explored in the context of 
cardiovascular disease and its risk factors (5-7), and several mechanisms related to the physical 
and social environments of neighborhoods have been suggested to be involved in this 
relationship (5).  Various measures of neighborhood socio-economic composition have been 
found to be associated with cardiovascular disease and its risk factors, independent of individual-
level socio-economic characteristics (6, 8-12).  In addition, features of the neighborhood physical 
environment, such as access to healthy foods and recreational facilities, have been shown to be 
associated with individual diet, physical activity, BMI, and cardiovascular events (13-19).   
 
Despite the growing body of research investigating the relationship between the neighborhood 
environment and cardiovascular disease (CVD) and its risk factors, many studies are cross-
sectional and/or have methodological limitations.  A major challenge associated with conducting 




and CVD-related outcomes arises due to the possibility of residential self-selection.  This is 
because individuals may self-select where they live based on individual characteristics or 
preferences which, if related to the both the neighborhood construct and the outcome of interest, 
may lead to a bias in the resulting effect estimates.  For example, several studies have found that 
a better walking environment is associated with higher levels of walking (20-23), that a better 
physical environment (access to parks, recreational facilities) is associated with higher levels of 
physical activity (14, 15, 24, 25), and that better access to healthy foods is associated with a 
better diet (19, 26).  However, the statistical associations reported in these studies may not reflect 
causal relationships if there are reciprocal relationships between the built environment and the 
health-related outcomes.  It is possible that individuals that walk more frequently, are more 
physically active, and have better diets choose to live in neighborhoods that have better walking 
environments, better access to resources that support physical activity, and better access to 
healthy foods, respectively.  Although selection into neighborhoods based on certain health-
related attributes is often noted as a major methodological challenge and has been raised as an 
argument for the limited causal inference that can be made from studies on the built environment 
and health-related behaviors, whether these individual behaviors predict residential mobility 
(whether individuals move) and residential selection (to which types of neighborhoods 
individuals move) has not been investigated empirically.  Addressing this issue of residential 
self-selection necessitates quantifying the predictors of residential mobility and selection and 
accounting for these processes in longitudinal analyses to better understand if specific personal 
characteristics, behaviors, or preferences are related to the types of neighborhoods in which 
people live or to which people move.  A few recent studies have tried to address the self-




for living in areas that support these behaviors (27-31), finding mixed results for the influence of 
self-selection on the observed estimates.  However, thus far no studies have examined whether 
the actual health-related behaviors of individuals, such as physical activity and diet, predict 
whether individuals select neighborhoods that support these behaviors. 
 
Investigating the presence of self-selection into particular neighborhoods due to CVD-related 
health behaviors is just one step to furthering our understanding of the relationship between 
neighborhoods and CVD-related outcomes.  Designing longitudinal studies that are able to 
account for changes in the neighborhood environment and covariates in addition to changes in 
the outcome are also needed to obtain estimates that are less likely to be biased due to self-
selection.  A specific area of research in which more robust longitudinal studies are needed is in 
the study of the neighborhood environment and individual physical activity.  Physical activity is 
an important established behavioral risk factor for CVD (32, 33), and several cross-sectional 
studies and a few recent longitudinal studies have investigated the role of the neighborhood 
physical environment on individual physical activity levels (15, 21, 23, 30, 31, 34-40).  Many of 
these studies have found positive associations between perceived or objective measures of the 
neighborhood physical environment and a few studies have found weak or null associations.  
Limitations of these studies include 1) incorrectly defining or measuring the neighborhood 
exposure in relation to the type of physical activity studied, and 2) not accounting for changes in 
the outcome, exposure, and covariates over time, which can adversely impact the causal 
interpretation of the findings.  For this reason, longitudinal analyses are needed to investigate 
whether individuals who are exposed to better neighborhood environments experience favorable 




changing over time, neighborhoods themselves change over time and evolve based on economic 
cycles, demographic shifts, migration, and other factors.  Therefore, longitudinal analyses that 
follow changes in neighborhoods and changes in individuals over time are needed (36, 41).  In 
particular, longitudinal analyses which investigate how changes in specific neighborhood 
environmental attributes are associated with changes in related physical activity outcomes is 
necessary to capture if the neighborhood environment is influencing individual behavior.  This 
type of change versus change analysis is uncommon in neighborhood health effects research, and 
is needed to address limitations that arise in cross-sectional analyses and longitudinal analyses 
with only single point in time measures of the exposure and/or covariates. 
 
An additional challenge related to residential self-selection arises in the study of the 
neighborhood environment with respect to CVD event outcomes due to the possibility of residual 
confounding and time-varying confounding when conducting longitudinal analyses.  This 
additional complexity arises if the exposure and/or covariate values change over time and if 
neighborhood exposures are simultaneously consequences and causes of time-varying 
intermediates (Figure 3.1).  For example, individual physical activity may affect where a person 
lives (i.e. selection into neighborhoods as previously described) but may also be a consequence 
of prior neighborhood exposures.  Under these circumstances, adjustment for these confounders 
using traditional methods may yield biased estimates of neighborhood effects.  Special methods 
such as marginal structural models (MSMs) are needed to account for these processes, but these 
methods have rarely been used to investigate neighborhood health effects.  Sampson et al (42) 
used MSMs to investigate the relationship between living in a disadvantaged neighborhood and 




association between neighborhood poverty and alcohol use in young adults.  However, the 
application of MSMs has not yet been explored in the context of neighborhoods and CVD 
outcomes.  The consideration of cumulative effects, rather than a point in time exposure, is also 
of interest.  For example, the effect of the neighborhood environment on CVD risk may only be 
observable after exposure to an unfavorable neighborhood environment over a longer period of 
time. However, few longitudinal datasets have time-varying neighborhood data available to 
contrast results using cumulative versus single point in time measures. 
 
Summary and Specific Aims 
Though recent research has begun to investigate the associations discussed above using 
longitudinal designs, many of these studies have faced challenges related to accounting for self-
selection of individuals into particular neighborhoods.  Among the reasons for these challenges 
include incomplete or unavailable data on time-varying measures on one or more of the 
following:  1) neighborhood exposures, 2) individual-level socio-economic factors, 3) individual-
level behavioral and CVD risk factors, and 4) individual-level residential mobility and selection 
(when and to where individuals moved).  Challenges to previous work related to self-selection 
and time-varying confounding have limited the ability to establish causal relationships between 
the neighborhood environment and CVD and its risk factors.  Hence, further research in this area, 
addressing these methodological limitations, is warranted.   
 
This dissertation uses longitudinal data from the Multi-Ethnic Study of Atherosclerosis (MESA), 
with available time-varying measures on residential mobility, the neighborhood environment, 




relationship between neighborhood of residence and CVD-related outcomes while addressing the 
limitations outlined above.  Specifically, the aims of this dissertation are to 1) investigate and 
quantify the magnitude of the association of health-related behaviors, specifically physical 
activity and diet, with residential mobility and residential selection (Aim 1), 2) investigate the 
relationship between change in an objective measure of neighborhood physical environment and 
change physical activity using appropriate longitudinal methods (Aim 2), and 3) investigate 
associations of long-term cumulative and recent exposure measures of neighborhood 
environments with CVD outcomes while accounting for time-varying confounding (Aim 3).  The 
3 aims of the dissertation and associated hypotheses are detailed below. 
 
SPECIFIC AIM 1 
To examine whether selected health behaviors at baseline (specifically individual physical 
activity and diet) are predictors of residential mobility among MESA participants by a) 
investigating whether physical activity and diet predict whether or not participants move during 
follow-up, b) investigating, among movers, whether physical activity and diet predict the type of 
neighborhood environment to which participants move and c) investigating, among non-movers, 
whether physical activity and diet predict whether and how the participants’ neighborhood 
environments change during follow-up. 
Hypotheses 
1) Individuals’ physical activity and diet at baseline will be associated with whether 




a. Individuals who are less physically active, as measured by self-reported physical 
activity, will be more likely to move than individuals who are more physically 
active. 
b. Individuals with poorer diets will be more likely to move than individuals with 
better diets. 
2) Among movers, individuals’ physical activity and diet at baseline will be associated with 
recreational facility and food store availability in the neighborhood environments to 
which they move. 
a. Movers who are more physically active will be more likely to move to 
neighborhoods with better availability of recreational facilities than movers who 
are less physically active. 
b. Movers with better diets will be more likely to move to neighborhoods with better 
availability of healthy food stores than movers with poorer diets. 
3) Among non-movers, individuals’ physical activity and diet at baseline will be associated 
with a change in recreational facility and food store availability over time in the 
neighborhood environments in which they stay. 
a. The change in availability of recreational facilities over time will be more 
favorable among non-movers who are more physically active as compared to non-
movers who are less physically active. 
b. The change in neighborhood availability of healthy food stores over time will be 
more favorable among non-movers with better diets as compared to non-movers 





SPECIFIC AIM 2 
To investigate the relationship between changes in built environment measures of neighborhood 
physical activity resources, specifically access to recreational facilities, and changes in individual 
physical activity longitudinally in MESA. 
Hypotheses 
1) Better availability of recreational facilities at baseline will be associated with a change in 
physical activity over time. 
a. Individuals living in neighborhoods with better availability of recreational 
facilities at baseline will experience a more favorable change in physical activity 
over time as compared to individuals living in neighborhoods with poorer 
availability recreational facilities. 
2) Changes in availability of recreational facilities over time will be associated with changes 
in individual physical activity over time. 
a. Individuals living in neighborhoods with greater improvements in availability of 
recreational facilities over time will experience greater increases in physical 
activity over time as compared to individuals living in neighborhoods with lesser 
improvements in availability of recreational facilities over time. 
 
SPECIFIC AIM 3 
To investigate the relationship between neighborhood environment and incident CVD and to 
further our understanding of this association by a) using cumulative measures to characterize 




time-varying confounding, specifically marginal structural models (MSMs), to determine the 
importance of time-varying confounding in comparison to using traditional regression methods. 
Hypotheses 
1) Living in a neighborhood of greater disadvantage will be associated with a higher risk of 
incident CVD. 
a. Participants living in neighborhoods of greater disadvantage, as measured by a 
composite measure of neighborhood socioeconomic composition, will have a 
higher risk of CVD. 
2) The strength of the association between neighborhood environment and incident CVD 
will differ depending on the timing and duration of exposure. 
a. The association between cumulative exposure to neighborhood environment 
(between baseline and time t) will be stronger than the association between recent 
exposure (exposure over only the last one year of follow-up) and incident CVD. 
3) The inverse association between neighborhood environment and incident CVD will be 
attenuated after adjusting for time-varying covariates, including individual socio-
economic factors and CVD risk factors, using traditional methods. 
4) If time-varying confounding is present, using marginal structural models that account for 
time-varying confounding will result in estimates that differ meaningfully from those 
obtained from traditional methods. 
a. In the presence of time-varying confounding, marginal structural models will 




b. In the absence of time-varying confounding, there will be no meaningful 
difference between estimates obtained from marginal structural models and those 
obtained from traditional methods. 
 
Conceptual Model 
To better understand and navigate the complex relationships between the variables involved 
when examining the relationship between the neighborhood environment and CVD, we used the 
following conceptual model.  This conceptual model helped to guide the development of 
hypotheses and models for the aims of this dissertation. 
 
Figure 1.1 – Conceptual model:  Hypothesized causal relationships (solid lines) and possible bi-























CVD Risk Factors: 













Complexities related to residential selection may arise due to the possibility of reciprocal 
relationships between neighborhood exposures and individual-level factors, as indicated by the 
bi-directional arrows between variables such as neighborhood environment and physical activity.  
For example, a measure of the physical environment, such as availability of recreational 
facilities, may influence individual physical activity either directly or by changing an 
individual’s preference to engage in physical activity, perhaps because the exposure to facilities 
and other individuals who are using these facilities increases the motivation to exercise.  
However, individual physical activity may influence the neighborhood physical environment 
either directly (physically active individuals may demand better access to resources in their 
neighborhoods, or businesses may be more likely to build facilities in places where individuals 
are more likely to use them) or through influencing individuals’ preferences to live in 
neighborhoods with better availability of facilities.  These relationships may be confounded by 
individual-level socio-economic or demographic factors, or possibly by neighborhood-level 
socio-economic factors.   
 
In addition, when examining the relationship between the neighborhood environment and CVD, 
it is important to note that though the stable demographic covariates, such as age, gender, and 
race/ethnicity can be conceptualized as classic confounders, individual-level socio-economic 
factors (income, education), behavioral factors (physical, activity, diet, smoking), and biomedical 
risk factors for CVD (diabetes, hypertension) may have potential reciprocal relationships with 
the neighborhood environment.  Extending this concept to longitudinal data, if these variables 
change over time, then time-varying confounding is a possibility (Figure 3.1).  These variables 
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The association between health behaviors and both residential mobility and residential 




A large number of observational studies have documented associations between neighborhood 
factors and health outcomes (1-3), resulting in growing interest in neighborhood-level 
interventions to improve population health and reduce health disparities.  However, important 
methodological challenges have raised persistent questions regarding whether the observed 
associations reflect causal processes.  Among these methodological challenges is the possibility 
of residential self-selection (4), whereby individuals select where they live based on personal 
characteristics or preferences which, if related to the both the neighborhood construct and the 
outcome of interest, may lead to biased estimates of the true relationship between a 
neighborhood-level exposure and a related outcome.  For example, several studies have found 
that a better physical environment (access to parks, recreational facilities) is associated with 
higher levels of physical activity (5-8) and that greater healthy food availability is associated 
with a better diet (9, 10).  However, the statistical associations reported in these studies may not 
reflect causal relationships.  It is possible that individuals who are more physically active and 
have higher quality diets choose to live in neighborhoods that have greater access to resources 





Although selection into neighborhoods based on health-related attributes (including 
predispositions to health-related behaviors) is often noted as a major methodological challenge, it 
is rarely investigated empirically.  Quantifying the presence and magnitude of the impact of 
behaviors on residential mobility, and specifically whether healthy behaviors are associated with 
mobility into environments that support these behaviors, is important for the interpretation of the 
estimates of neighborhood effects on health derived from observational studies. 
 
There is a large literature on socio-demographic predictors of residential mobility.  Studies have 
shown that race, income, age of head of household, and life cycle factors are associated with 
residential mobility (9, 10).  Past work often emphasized housing needs at various stages of the 
life cycle as one of the principal determinants of residential mobility, but placed less emphasis on 
other individual-level factors, such as behavioral factors, individual preferences, or community 
contexts (11).  Factors related to health status have also been found to be related to residential 
mobility (12).  Overall, existing evidence in the U.S. suggests that older age, higher income, 
minority race, home ownership, longer duration of residence, and better health are associated 
with lower residential mobility (13, 14). 
 
A growing body of work has begun to examine the impact of other factors, such as preference for 
certain kinds of health-related environments, on residential mobility.  An early study found that 
accessibility of resources was not strongly predictive of residential mobility (whether individuals 
moved) or residential selection (the types of neighborhoods to which individuals moved), but the 
measures of accessibility were self-reported (15).  A few studies have investigated the role of 




modeling, Bagley et al (16) found that the cross-sectional relationship between neighborhood 
environment and walking was largely attributable to individuals with certain lifestyle preferences 
self-selecting into certain types of neighborhoods.  However, more recently, using different 
cross-sectional data from the same area, Schwanen et al (17) observed that the type of 
neighborhood which people indicate they prefer does not always reflect the type of neighborhood 
in which they actually live, and found that neighborhood environment was associated with travel 
behavior after accounting for individual preferences.  In another study, Handy et al (18) found 
that indicating a preference for physical activity options in the neighborhood and for having 
stores within walking distance were related to walking, but neighborhood characteristics 
remained significantly associated with walking behavior after accounting for these preferences, 
suggesting that the built environment had a direct effect on walking behavior.   
 
Given the uncertainty regarding the role of residential self-selection in the study of neighborhood 
effects, understanding the predictors of residential mobility and selection, especially in a 
longitudinal framework, is critical to elucidating if residential self-selection may play a role in 
the association between the built environment and health-related outcomes.  Despite the large 
number of studies linking neighborhood environments to key health behaviors like diet and 
physical activity (1-3, 9, 19-21), no studies to our knowledge have examined the effects of 
physical activity and diet on residential mobility and residential selection.   
 
We used longitudinal data from a large, multi-ethnic study of adults aged 45-84 years old at 
baseline to gain insight into the impact of residential self-selection on the relationship between 




physical activity and diet were associated with whether or not individuals moved, and whether 
movers reporting more physical activity and higher quality diets were more likely to move to 
neighborhoods with more favorable physical activity and healthy food resources than those with 
worse physical activity and diets.  In addition, because it is plausible that “health conscious” 
residents effect changes in neighborhood environments and/or choose to continue living in 
neighborhoods that are changing favorably over time (which could also result in biased estimates 
of neighborhood health effects from observational studies), we also examined whether non-
movers reporting more physical activity and higher quality diets were more likely to live in 




Study sample   
The sample consisted of participants from the Multi-Ethnic Study of Atherosclerosis (MESA), a 
longitudinal study of cardiovascular disease conducted at six sites (Baltimore, Maryland; 
Chicago, Illinois; Forsyth County, North Carolina; Los Angeles, California; New York, New 
York; and St. Paul, Minnesota).  MESA comprises a multi-ethnic (approximately 38% white, 
28% African-American, 23% Hispanic, 11% Chinese descent) population-based sample of 6,814 
men and women aged 45-84 years who were free of clinical cardiovascular disease at baseline.  
Data was collected at baseline (between 2000 and 2002) with 4 subsequent follow-up visits 
approximately every two years.  We included participants from all six sites who had data 






Residential mobility and selection:   
Two distinct but related outcomes were investigated: 1) whether or not an individual moved 
(henceforth referred to as residential mobility) and 2) the type of neighborhood to which an 
individual moved (henceforth referred to as residential selection) (15).  We evaluated these 
separately since the factors that may predict whether or not individuals move may be different 
from the factors that predict to which kinds of neighborhoods individuals move.  For each MESA 
participant, information on the number of moves during follow-up and the new census tract to 
which the participant moved were available.  Residential mobility was categorized as yes/no, 
based on whether the participant moved at least once during follow-up.  Approximately 32% of 
MESA participants moved at least during once during follow-up.  Of those that moved, 66% 
moved only once, 21% moved twice, 13% moved more than 2 times, and over 90% of movers 
changed census tracts. 
 
Physical activity:  Physical activity was self-reported at baseline via a semi-quantitative 
questionnaire.  Previous work has provided evidence for the validity and reliability of this 
survey, which was adapted from the Cross-Cultural Activity Participation Study (22).  
Participants were asked about the types of activities they did “in a typical week in the past 
month”.  Some of these activities were sub-categorized by level of intensity (light, moderate, 
heavy).  For each activity for which they marked yes, participants were asked how many days in 
a week they did this activity and the average time per day they did the activity in hours and 
minutes.  Minutes of activity were summed for each activity type and multiplied by its metabolic 




activities corresponding to moderate and vigorous exercise.  We calculated recreational physical 
activity, measured in MET-minutes per week (MET-min/week), to include the following:  
walking for exercise, dance, team sports (e.g., softball, basketball, soccer, volleyball), dual sports 
(e.g., tennis, racquetball), individual activities (e.g., golf, bowling, yoga, tai chi) and 
conditioning activities (e.g., aerobics, running, jogging, swimming, bicycling, rowing, karate).  
Higher MET-min/week for the activities indicated a higher total volume of recreational physical 
activity.   
 
Diet:  Diet was measured at baseline using a previously validated 120-item food frequency 
questionnaire based on the Insulin Resistance Atherosclerosis Study (IRAS) (24).  Participants 
reported the serving size of specific foods/beverages (small, medium, large), as well as how 
often they consumed these items.  Dietary quality was characterized by the Alternative Healthy 
Eating Index (AHEI) (25, 26).  The AHEI is a summary index of dietary factors that have been 
associated with a reduction in major chronic disease risk, and was derived from the intake of 9 
components:  vegetables, fruits, nuts/soy, ratio of white to read meat, cereal fiber, trans fat, ratio 
of polyunsaturated to saturated fats, multi-vitamin use, and alcohol.  Higher AHEI scores 
indicate a more favorable dietary quality (higher intake of vegetables, fruits, nuts/soy, higher 
ratio of white to red meat and polyunsaturated to saturated fats, lower intake of trans fats, 
moderate alcohol consumption, and multi-vitamin use). 
 
Recreational facilities and food stores:  The recreational facility and food store data were 
derived from the National Establish Time Series (NETS) developed by Walls & Associates, 




of any reported MESA participant address in the United States.  Data were purchased for the 
years 2000-2007 so they could be linked to MESA exams 1-4.  Addresses were geocoded using 
Tele-Atlas EZ-Locate.  Data on supermarket availability was supplemented using data from the 
Nielsen TDLinx Service Supermarket Retail Category Database (TD) (27).   
 
Recreational facilities included facilities for indoor conditioning, bowling, golf, team sports, 
racquet sports, water activities, and instructional facilities.  Food stores included supermarkets, 
grocery stores, fruit and vegetable markets, convenience stores, bakeries, fast food 
establishments, health food stores, and drinking places.  To determine which facility types to 
include, Standard Industrial Classification (SIC) codes were selected based on existing lists (8, 
28).  Recreational facility and food store densities were created for different categories of 
recreational facilities and food stores for the years 2000-2007.  We summed the density measures 
calculated for recreational physical activity resources (e.g. resources for indoor conditioning 
activities, biking, hiking, team sports, racquet sports, swimming), instructional facility resources 
(e.g. facilities that offer instruction in physical activities), and other water activity resources (e.g. 
surfing) to obtain a summary measure which corresponded to exercise-related physical activities.  
A measure of favorable food store density was created by summing the densities for supermarket 
chain and non-chain stores and fruit and vegetable markets.  We used this measure of favorable 
food stores in these analyses since supermarket density has been shown to be a reasonable proxy 
for healthy food access in prior work (9).   
 
For both recreational facilities and food stores, the data was linked to the MESA addresses each 




address for the years 2000-2007 (overlapping with MESA exams 1-4).  The 1-mile buffer was 
selected for primary analyses based on earlier studies in this cohort which observed that a 
majority of physically active participants reported that they exercised within one mile of their 
residence all or at least half the time (5) and that a healthy diet was associated with access to 
supermarkets within a 1-mile radius of participants’ homes (9).  Kernel estimation (29) was used 
to calculate the densities such that resources closer in distance to participants’ addresses were 
given more weight than resources farther in distance from their addresses.  Densities are 
expressed in units per square mile and were created using the Esri (Redmond, CA) ArcGIS 
software.   
 
Covariates:  Individual-level covariates measured at baseline only included race/ethnicity 
(White, non-Hispanic Black, Hispanic, Chinese), gender, age, education (<high school, high 
school, some college, college/graduate school).  Covariates measured at each visit included 
household income (<$20,000, $20,000-49,999, $50,000-74,999, and >$75,000), marital status 
(never-married, married, divorced, separated, widowed), employment status (homemaker, full-
time, part-time, unemployed, retired), home type (rent, own, mortgage), and number of years 
residing in the neighborhood.  Neighborhood-level covariates included median household 
income derived from the 2000 U.S. Census and from the 2005-2009 American Community 
Survey (ACS).   
 
Statistical analyses 
We first examined the distribution of individual-level variables and neighborhood characteristics 




and AHEI score at baseline.  We also calculated the mean annual change in recreational facility 
densities and food store densities around participants’ residences over the course of follow-up for 
movers and non-movers separately. 
 
Residential mobility 
We used Cox proportional hazards models with time to first move as the dependent variable to 
estimate whether health behaviors (diet and physical activity) were associated with the 
probability of moving.  Participants who did not move were censored at the last date of follow-
up.  Since socio-demographic characteristics as well as home ownership and residential history 
may confound the association between individual-level variables and moving, we adjusted for 
age, race/ethnicity, gender, household income, education, marital status, current employment, 
home ownership, and number of years lived in the neighborhood. 
 
Residential selection 
In order to determine whether movers reporting more physical activity were more likely to move 
to neighborhoods with more favorable physical activity resources than those reporting less 
physical activity, we modeled the recreational density of the new location (after the move) as a 
function of individual-level physical activity before the move, adjusting for the same covariates 
in the residential mobility models, as well as recreational density prior to the move.  Since 
mobility could be observed across three intervals (exam 1-2, exam 2-3, and exam 3-4) and 
physical activity was available at 3 exams, each participant had up to three observations. In the 




Estimating Equations (GEE)) to account for correlations between observations within an 
individual. 
 
In addition, in order to determine if physically active residents lived in neighborhoods that were 
more likely to experience favorable changes in densities over time (when they are not moving), 
we conducted similar to those detailed above for the moving intervals, this time using the 
intervals in which no moves occurred (i.e. we modeled densities at the end of the interval 
adjusted for recreational density at the beginning of the interval in non-moving intervals).   
The moving interval and non-moving interval analyses detailed above for physical activity and 
recreational densities were adapted to investigate diet as a predictor and food store densities as 
the outcome.  Since diet was measured only once at baseline, we estimated associations of diet at 
baseline with food store densities after the first move among movers, adjusted for socio-
demographic characteristics and food store densities at baseline.  In addition, in order to 
determine if residents with better diets lived in neighborhoods that were more likely to 
experience favorable changes in densities over time, we also estimated associations of diet at 
baseline with densities just prior to exam 4 after adjustment for covariates among persons who 
did not move between exams 1 and 4.  SAS version 9.3 (Cary, NC) was used for all analyses and 
all p-values reported were two-sided. 
 
RESULTS 
Of the 6814 MESA participants enrolled at baseline, 6191 participated in the MESA 
neighborhood study.  The median 1-mile recreational facility density at baseline was 2.1 




density increased over time for both movers and non-movers, with a greater increase observed in 
non-movers.  The median 1-mile favorable food store density was 0.8 and 0.9 facilities per 
square mile for non-movers and movers, respectively.  Favorable food store density decreased 
over time for movers but did not change appreciably for non-movers.   
 
Non-movers reported a median physical activity level of 851 MET min/week and movers 
reported a median physical activity level of 761 MET min/week at baseline (Table 2.1).  Movers 
and non-movers reported similar AHEI scores at baseline.  Movers were more likely to be under 
65 years of age, of Chinese descent, widowed or separated/divorced, employed, in the lower 
income group, and renting their homes as compared to non-movers.  Non-movers were more 
likely to be non-Hispanic Black, married, retired, and home owners as compared to movers.   
 
The median 1-mile recreational facility density at baseline was higher for participants in the 
highest tertile of physical activity, but the change in density over time did not differ by physical 
activity level (Table 2.1).  Participants in the highest tertile of physical activity were less likely to 
move and more likely to be male, white, college-educated, in the highest income group, retired, 
and home owners, as compared to participants in the lowest tertile of physical activity.   
 
The median 1-mile favorable food store density at baseline was slightly higher for participants in 
the highest tertile of AHEI score, but the change in density did not differ by AHEI tertile (Table 
2.1).  Participants in the highest tertile of AHEI score were more likely to be older, female, of 
Chinese descent, college-educated, in the highest income group, retired, and home owners, as 





In adjusted Cox proportional hazards models, older age, higher income, home ownership, and 
longer time living in the neighborhood were associated with a lower hazard of moving (Table 
2.2).  Chinese participants had a higher hazard of moving and non-Hispanic Black and Hispanic 
participants had a lower hazard of moving, as compared to non-Hispanic White participants.  
Never married participants had a lower hazard of moving and divorced/widowed/separated 
participants had a higher hazard of moving, as compared to married participants.  Participants in 
the higher tertiles of physical activity had a lower hazard of moving as compared to participants 
in the lowest tertile.  Better diet quality, as measured by AHEI score, was not associated with 
moving. 
 
In movers, we observed a positive, statistically significant association between physical activity 
level at the start of an exam interval (prior to moving) and recreational facility density at the end 
of the corresponding interval (after a move has occurred), after adjusting for age, race/ethnicity, 
gender, education, income, marital status, employment status, home type, and number of years 
residing in the neighborhood (mean difference in recreational density comparing the highest 
tertile of physical activity to the lowest tertile = 1.46 facilities per square mile) (Table 2.3).  The 
association in movers was moderately attenuated after adjustment for recreational density at the 
start of the intervals.  
 
In non-movers, we observed a much weaker association between physical activity at the start of 
the exam interval and recreational density at the end of the interval (mean difference in 




facilities per square mile) (Table 2.3).  This association was no longer statistically significant 
after adjusting for density at the start of the interval. 
We did not observe associations between baseline AHEI score and subsequent food store 
densities in movers or non-movers.  For all models, sensitivity analyses using the ½ mile and 2-




In this multi-ethnic sample, we observed that individuals with higher physical activity were more 
likely to move during follow-up.  We also observed a positive association between physical 
activity tertile and subsequent recreational density in movers even after adjusting for prior 
recreational density, which suggests that movers who are more physically active are more likely 
to move to neighborhoods with better availability of recreational facilities as compared to 
movers who are less active.  We observed weaker associations in non-movers, suggesting that 
physical activity level was not strongly associated with a more favorable change in the 
availability of facilities for non-movers.   
 
We did not observe a relationship between baseline diet and subsequent favorable food store 
density in this sample.  However, we were limited to using the baseline measure of diet since diet 
was not measured at the subsequent follow-up visits used in these analyses. 
 
In addition to physical activity and diet, we investigated several socio-demographic predictors of 




status, home ownership, and duration of residence in relation to residential mobility, which were 
all consistent with previous studies (13, 30-36).  To our knowledge, no previous studies have 
investigated the relationship between healthy behaviors, such as physical activity and diet, and 
residential selection, specifically moving to or staying in neighborhoods with better availability 
of related facilities.  Librett et al (37) reported a modest association between regular physical 
activity and a desire to live in an activity-friendly community, suggesting that physical activity 
may be a contributing factor in a person’s choice of neighborhood.    
 
Since selection into neighborhoods based on health-related behaviors may inflate the observed 
associations between neighborhood characteristics and health behavior outcomes, some studies 
have attempted to control for residential self-selection.  Cao et al (38) found that built 
environment characteristics were related to walking behavior even after adjusting for preferences 
to live in walkable neighborhoods.  Previous studies that have controlled for residential self-
selection in the association between walkability and physical activity have found mixed results, 
with some finding that adjusting for self-selection has little impact on the associations, others 
finding an attenuation in the associations, and one reporting a strengthening of the observed 
association (38-43).   
 
Despite previous findings that associations between the built environment and physical activity 
persisted after adjustment for self-selection, our finding of a positive association between 
physical activity and subsequent neighborhood recreational facility density suggests that the role 
of residential self-selection should be considered when investigating the association between the 




residences.  Since residential self-selection is especially of concern in cross-sectional studies, 
these findings suggest that in the absence of longitudinal data on mobility, collecting data on 
residential history and adjusting for whether individuals recently moved may be one strategy to 
reduce bias due to possible residential selection.  Other strategies for addressing residential self-
selection include controlling for individual preferences and using longitudinal models, joint 
discrete choice models, or structural equations modeling.   
 
Limitations 
Measurement error is possible in the physical activity and diet measures since they were self-
reported.  Recreational facility and food store densities did not account for characteristics of the 
facilities such as quality, hours, or cost, and we did not have information on utilization of the 
facilities.  In addition, there may be considerable measurement error in the databases used to 
obtain information on the availability of these facilities (44-46).  There is little information on 
the buffer size that is most relevant for individual use of facilities.  We used the 1-mile buffer 
based on previous work (5, 9).  We did not account for perceived measures of physical activity 
resources or healthy food availability, and it is possible that self-selection based on physical 
activity or healthy eating behaviors is more strongly related to perceived access to resources.  In 
addition, we did not have information on individual preferences for resources, and it is possible 
that these preferences are a better predictor of residential selection than the behaviors 
themselves.   
 
We did not observe an association between diet and residential mobility or residential selection 




limited by the time-invariant measure of diet available, and investigated only one composite 
measure of a healthy diet.  It is possible that specific components of a healthy diet, such as fruit 
and vegetable intake or characteristics of an unhealthy diet, such a fat intake or fast food 
consumption may be better predictors of selection into neighborhoods with access to related 
types of food stores.  Future studies with repeated measures on diet and food stores are warranted 
to investigate whether diet is related to residential selection. 
 
Strengths 
Strengths of this study include the availability of longitudinal data on recreational densities and 
food store densities, physical activity measures, and individual and neighborhood-level 
covariates.  We used objective measures of recreational facility and food store availability and 
our measure of physical activity accounted for both duration and intensity of activities.  We were 
also able to adjust for several covariates related to residential mobility including key socio-
demographic variables as well as housing tenure and duration of residence.  Furthermore, we had 
detailed information on residential mobility, including when individuals moved and to where 
they moved.  
 
Conclusion 
Our findings support the hypothesis that physical activity may be related to residential self-
selection into neighborhoods with better availability of physical activity resources, especially for 
people who move.  This research complements the mixed findings in the existing literature that 
have examined the associations between the physical environment and physical activity after 




between the environment and physical activity is a direct effect and that part of the association is 
the result of residential self-selection, highlighting the need for public health strategies that focus 
on developing activity-friendly neighborhoods as well as targeting individual preferences and 
attitudes.  We did not observe that diet was associated with self-selection into neighborhoods 
with better healthy food resources, but note that we were limited by our single point in time 
measure of diet.  Further longitudinal studies investigating the role individual physical activity 
and diet as well as individual preferences in relation to residential self-selection are needed to 
clarify the impact of the neighborhood environment on physical activity and diet.  Continued 
efforts to account for residential self-selection in these analyses through longitudinal designs and 
adjusting for individual preferences are warranted. 
 
Further longitudinal studies investigating the role individual physical activity as well as 
individual preferences in relation to residential self-selection are need to clarify the impact of the 
neighborhood environment on physical activity, and continued efforts to adjust for residential 
self-selection in these analyses through longitudinal designs and controlling for individual 







Table 2.1 – Baseline characteristics and change in recreational facility and food store densities by move status and tertiles of physical 
activity and Alternative Healthy Eating Index (AHEI), No. (%), Median (p25-p75) or Mean (SD), the Multi-Ethnic Study of 
Atherosclerosis 
 
                                                       Tertile of physical activity                     Tertile of AHEI score 
 
  Non-movers Movers 1 (low) 3 (high) 1 (low) 3 (high) 
 













Change in recreational density 
 
1-mile favorable food store density 
Change in food store density 
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 Some college/College 
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***p<0.0001 **p<0.01, *p<0.05 
1
Adjusted for age, gender, race/ethnicity, education, income, marital status, work status, home type,  
and number of years lived in neighborhood 
Table 2.2 – Adjusted hazard ratios (HR) of moving associated with socio-demographic 
characteristics, physical activity (MET min/week) and Alternative Healthy Eating Index (AHEI),  
the Multi-Ethnic Study of Atherosclerosis 
 
   Adjusted HR
1















     0.49 (0.42-0.58)
***
 
     0.45 (0.38-0.53)
***
 



















  0.74 (0.62-0.87)
**
 
  0.79 (0.66-0.95)
**
 




    
Education (%) 
 <High school 
 High school 
 Some college 
 College/graduate school 
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 Lowest tertile 
 Middle tertile 
 Highest tertile 
 
AHEI 
 Lowest tertile 
 Middle tertile 
 Highest tertile 
 










  0.70 (0.56-0.87)
**
 





















  0.55 (0.47-0.64)
***
 




   
1.0 
  0.65 (0.57-0.75)
***
 



















Table 2.3 – Mean differences (estimate (SE)) in recreational facility densities associated with 
previous  physical activity level, and mean differences in food store densities associated with 
baseline AHEI score, for movers and non-movers, the Multi-Ethnic Study of Atherosclerosis 
 
                                            Physical activity tertile                                           AHEI Tertile 
                                                                                               





























































































       
 
a
Adjusted for age, age*time, race, gender, education, income, marital status, employment status, home type,  
number of years lived in the neighborhood
 
b
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Longitudinal associations between neighborhood recreational facilities and change in 






After smoking, physical inactivity is the second leading modifiable risk factor for chronic disease 
and has a significant impact on mortality in western countries (1).  Previous research examining 
the worldwide burden of chronic disease attributable to physical inactivity found that eliminating 
physical inactivity would increase the life expectancy of the world’s population (2), and a recent 
longitudinal study found that reducing physical activity over time was related to increased 
functional disability (3).  Individual-level factors, such as lower socioeconomic status, are 
associated with decreased leisure-time physical activity (4, 5).  However, recent work has 
suggested that contextual factors may also be important in influencing physical activity.  
Creating social and physical environments that are conducive to physical activity may be 
especially important in motivating individuals to engage in physical activity and in enhancing the 
impact of individual-targeted interventions (6).   
 
Mixed land use and residential density have been shown to be associated with activities such as 
walking or biking for transportation (7-11).  In addition, previous studies have found that the 
availability of physical activity equipment was associated with vigorous physical activity/sports 




physical activity (12-19).  Conversely, some studies have found weak associations between 
neighborhood environment and physical activity (20-22).  A systematic review found that several 
studies investigating the relationship between neighborhood environment and physical activity 
had null/inconclusive findings, noting that the environmental attributes investigated in many 
studies may be defined incorrectly in relation to the type of physical activity studied (23).  This 
lack of specificity may weaken the relationship between the predictor and outcome variables 
(24).  Stronger associations have been found in studies that investigated hypotheses linking more 
narrowly defined combinations of environmental attributes with the specific activities to which 
they may be related (23).  
 
One limitation to existing research is that most analyses are cross-sectional, and due to the 
possibility of residential self-selection, causal inferences are limited.  Longitudinal data that track 
both persons and neighborhoods over time are needed to examine whether changes in 
environments are related to changes in physical activity (25, 26).  This type of change versus 
change analysis is uncommon in neighborhood health research, and is needed to address 
limitations that arise in cross-sectional analyses. A second limitation is the absence of large 
population studies with time-varying measures of neighborhood attributes.   
 
We used longitudinal data from a large, multi-ethnic study of adults to investigate the association 
between baseline recreational facility density and change in physical activity over time, and the 
association between change in density and change in physical activity.  We hypothesized that 
individuals living in neighborhoods with better availability of recreational facilities at baseline 




in neighborhoods with poorer availability of facilities.  We also hypothesized that individuals 
living in neighborhoods with greater increases in the availability of recreational facilities would 
experience more favorable changes in physical activity as compared to individuals living in 
neighborhoods with smaller increases (or declines) in facilities. 
  
MATERIALS AND METHODS 
 
Study sample   
The sample consisted of participants from the Multi-Ethnic Study of Atherosclerosis (MESA), a 
longitudinal study of cardiovascular disease which comprises a population-based, multi-site 
(Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles, 
California; New York, New York; and St. Paul, Minnesota), multi-ethnic (approximately 38% 
white, 28% African-American, 23% Hispanic, 11% Chinese descent) sample of 6,814 men and 
women aged 45-84 years who were free of clinical cardiovascular disease at baseline.  We based 
these analyses on data from the baseline visit (July 2000-September 2002) and two follow-up 
visits (approximately 1.6 and 3.2 years later).  Participants were observed on at least 2 occasions 
(94% had 3 observations). 
 
Recreational facilities 
Recreational facility data was purchased from the National Establish Time Series database from 
Walls & Associates.  Home addresses were geocoded using Tele-Atlas EZ-Locate.  Data was 
purchased for 2000-2007, spanning the time range for the MESA exams used in our analyses.  




Densities were created for different categories of facilities for the years 2000-2007.  We summed 
the densities calculated for facilities offering indoor conditioning, biking, hiking, team sports, 
racquet sports, swimming, physical activity instruction, and water activities to obtain a summary 
measure which corresponded to exercise-related activities. 
 
Densities were calculated for several buffer sizes around each MESA participant’s home address 
for each year.   Densities were matched to each MESA participant at each time point, such that 
densities changed over time if the neighborhood resources changed or if the participant moved.  
The 1-mile buffer was selected for analyses based on a study in a sub-sample of this cohort 
which observed that a majority of physically active participants reported that they exercised 
within one mile of their residence all or at least half the time (19).  Kernel estimation (29) was 
used to calculate the densities such that facilities closer in distance to participants’ addresses 
were given more weight than facilities farther in distance.  Densities are expressed in units per 
square mile (henceforth, densities indicates densities/mi
2
) and were created using the Esri 
(Redmond, CA) ArcGIS software. 
 
Physical activity assessment 
Physical activity was assessed at baseline and two subsequent follow-up exams via a semi-
quantitative questionnaire adapted from the Cross-Cultural Activity Participation Study.  
Previous work has provided evidence for the validity and reliability of this survey (30). 
Participants were asked how many days a week and the average time per day they engaged in 
activities during “a typical week in the past month”.  Minutes of activity were summed for each 




physical activity which included the activities we hypothesized would be related to recreational 
facilities.  Recreational physical activity (RPA) was calculated to include walking for exercise, 
dance, team sports (e.g., softball, basketball), dual sports (e.g., tennis), individual activities (e.g., 
golf, yoga) and conditioning activities (e.g., running, swimming, bicycling), and was measured 
in metabolic equivalent-minutes per week (MET-min/week).  Higher MET-min/week for the 
activities indicated a higher total volume of physical activity.  Individual records indicating total 
physical activity of more than 24 hours per day were excluded. 
 
Measurement of covariates   
Covariate data were obtained at baseline and follow-up visits and included age, race/ethnicity 
(White, non-Hispanic Black, Hispanic, Chinese), education (<high school, high school, some 
college, college/graduate school), household income (<$20,000, $20,000-49,999, $50,000-
74,999, and >$75,000), season of exam visit (December-February, March-May, June-August, 
September-November), employment, and move status (never moved, moved at least once).  
Neighborhood-level covariates obtained from census data included % unemployed, % poverty, 
and median household income. 
 
Statistical analyses 
We examined the distribution of individual-level variables across the three exams and estimated 
the mean annual change in recreational density and RPA.  We categorized recreational density 
and RPA into tertiles and examined the distribution of individual-level variables across the 
highest and lowest tertiles.  Finally, we estimated unadjusted associations of the individual-level 





After conducting preliminary analyses using categories and smoothed lines to check the linearity 
assumption, RPA and recreational density were included as continuous variables in longitudinal 
models.  We used linear mixed effects models to estimate the association between recreational 
density and change in RPA over time, adjusting for age, gender, race/ethnicity, education, 
household income (time-varying), and season of exam (time-varying) in final models.  To 
estimate the association between baseline density and change in RPA (model A), we used linear 
mixed effects models to model repeated physical activity measures on each participant as a 
function of recreational density at baseline, time since baseline, an interaction between density 
and time, and time-invariant and time-varying covariates. The interaction between time and 
baseline recreational density was used to estimate the impact of baseline recreational density on 
changes over time in RPA. 
 
To assess the association between change in density and change in RPA (model B), we used 
similar mixed effects models, with the addition of change in density since baseline as a time-
varying covariate and an interaction between change in density and time to the models. This 
interaction term was used to assess whether change in recreational density over time modified 
the change over time in RPA.    
 
All models included a random intercept and a random time slope for each participant, to allow 
the baseline responses as well as the time slope to vary between individuals.  Coefficients from 
the final model were used to compare the physical activity trajectories over time for different 





We also stratified by age at baseline, whether participants moved (32% of participants moved 
during follow-up), income, and race/ethnicity to assess effect measure modification, or whether 
the association between recreational density and RPA response trajectories differed by these 
characteristics.  We investigated each interaction in separate models and retained those with 
p<0.05 in the final model.   
 
Sensitivity analyses were conducted using the ½ mile and 2-mile buffers for recreational density.  




Of the 6814 MESA participants, 6191 participated in the MESA neighborhood study.  After 
excluding visits at which participants reported greater than 24 hours of total physical activity per 
day and records with missing data on the exposure and outcome, 23 participants were excluded, 
leaving 6168 for analysis.  The excluded participants did not differ from the analytic sample with 
respect to socio-demographic factors. 
 
At baseline, 58% of the participants were younger than 65 years and 48% were male; 40% were 
white, 26% were non-Hispanic black, 22% were Hispanic, and 12% were Chinese (Table 3.1).  
Individuals reported a median RPA level of 840 MET min/week at baseline, which declined to 
825 MET min/week at exam 3 (mean follow-up=3.2 years).  The mean annual change in RPA 




increased during the study period from a mean density of 2.1 facilities/mi
2
 to a mean density of 
2.7 (mean annual change = 0.4). 
 
Participants in the highest tertile of recreational density were less likely to be non-Hispanic 
Black or Hispanic, and more likely to have higher levels of RPA and live in neighborhoods of 
greater socioeconomic disadvantage (Table 3.2).  Participants in the highest tertile of RPA were 
more likely to be male, white, college-educated, earn greater than $75,000, and have greater 
access to recreational facilities.  
 
In unadjusted models, male gender, higher education and higher income were associated with 
higher baseline RPA (Table 3.3).  Hispanic and Chinese race/ethnicity and lower recreational 
density were associated with lower baseline RPA.  Older age at baseline was associated with a 
greater decline in RPA over time. 
 
In models estimating the association between baseline recreational density and change in RPA 
(model A), we observed a positive, statistically significant association between recreational 
facility density and baseline RPA, after adjusting for covariates (mean difference in baseline 
RPA associated with a 1-unit change in recreational density (95% confidence interval (CI) = 18.7 
(13.1, 24.4) MET min/wk) (Table 3.4).  Overall, RPA decreased over time as the cohort aged 
(mean annual change in RPA for individuals living in areas with 0 resource density was -31.6 
MET min/wk).  The interaction between baseline recreational density and time was positive, 




over time, but the estimate was not statistically significant (mean difference in annual change in 
RPA for each 1-unit increase in density at baseline (CI) = 1.5 (-0.3-3.4)).  
 
In models estimating the association between change in recreational density since baseline and 
change in RPA (model B), the interaction between change in density and time was positive and 
statistically significant in the unadjusted model (mean difference in annual change in RPA for 
each 1-unit increase in the change in density since baseline (CI) = 11.6 (1.9-21.1)) (Table 3.4), 
indicating that a greater increase in recreational density over time was associated with a less 
pronounced decline in RPA over time, even after adjustment for the effect of baseline density on 
change in RPA.  Estimates were slightly attenuated after adjusting for individual-level covariates 
(mean difference in annual change (CI) = 10.3 (0.7-19.9)), but the association remained 
statistically significant.  Adjusting for employment, move status, neighborhood-level covariates, 
and site did not meaningfully alter the results. 
 
Figure 3.1 shows estimated changes in RPA over time for the 90
th
 and the 10
th
 percentiles of 
baseline levels and changes in densities as estimated from the fully adjusted model in Table 3.4 
(model B). Overall, persons who lived in areas with higher recreational densities at baseline had 
higher levels of RPA than those who lived in areas with lower densities at baseline.  In addition, 
within each set, persons who experienced greater increases in recreational densities over time 
showed less pronounced declines or even small increases in RPA over time. Overall, we 
observed the most favorable change in RPA over time for the group in the 90
th
 percentile of 
baseline density and the 90
th




RPA for the group in the 10
th
 percentile of baseline density and 10
th
 percentile of change in 
density.  
 
In age-stratified models, the associations between baseline recreational density and change in 
RPA was stronger among adults age 65 and over (mean annual change (CI) = 4.6 (1.7-7.6)) than 
among those under 65 (mean annual change (CI) = -1.0 (-3.4-1.4)), and the test for heterogeneity 
was statistically significant (P<0.01).  Similar patterns were observed when analyses relating 
changes in densities to changes in RPA were stratified by age: stronger associations were 
observed among older adults (mean difference in annual change (CI) = 16.5 (0.9-32.1)) than 
among those under 65(mean difference in annual change (CI) = 6.2 (-5.9-18.2)), but the test for 
heterogeneity was not statistically significant (P>0.1).  There was no significant heterogeneity by 
move status, income, or race/ethnicity for either model.  Analyses using buffer sizes of ½ mile 




In this multi-ethnic sample, we observed a positive association between recreational facility 
density and recreational physical activity (RPA) at baseline.  We also observed a decline in RPA 
over time.  We did not observe statistically significant associations between baseline recreational 
density and change in RPA in the overall sample.  However, while on average RPA declined in 
the sample as a whole, individuals who experienced greater increases in the densities of 




time.  Among individuals who experienced the largest increases in density of resources, the 
decline in RPA was practically eliminated. 
 
We used mixed effects models to estimate associations of recreational resources with RPA 
change.  Model A revealed cross-sectional associations between baseline density levels and 
baseline RPA but showed no statistically significant associations between baseline density and 
change in RPA over time.  An important limitation of this model is that it does not account for 
changes in densities over time, and assumes that densities at a single time point impact future 
trajectories, which may be unrealistic if densities change over time.  However, Model A allows 
for comparisons with other work that may only have measurement at a single time point 
available.    In contrast, Model B showed that greater increases in densities over time were 
associated with a statistically significant less pronounced decline in RPA over time.  The 
comparison between these models highlights the impact of accounting for changes in the 
exposure over time. 
 
Recent studies have suggested that age may modify the association between the neighborhood 
environment and physical activity (32, 33).  In this study, the observed associations between 
baseline recreational density and change in RPA were stronger among older adults, but the 
difference between the age groups was not as strong for the change in density models.  There is 
limited previous research investigating the environmental correlates of physical activity in adults 
of different age groups.  One study reported positive associations between perceived access to 
recreational facilities and physical activity among adults age 80 and over (34).  Longitudinal 




proximity to parks/trails was associated with maintaining/increasing walking in older men (35), 
and that proximity to parks/gyms was associated with smaller declines in walking (36).  A study 
examining interactions of physical environment with age suggest that older adults may be more 
influenced by environmental attributes (37), perhaps because they may spend more time in their 
neighborhoods.  Our results suggest that further research is warranted to understand the impact 
of recreational facilities on RPA in older adults. 
 
Thus far, few studies have examined the association between changes in neighborhood 
environment and changes physical activity in adults.  A recent study found that increases in 
access to pay facilities around the home were associated with increases in physical activity in 
young males (38).  A secondary analysis of physical activity intervention trials found that 
increases in perceived access to facility/home equipment was associated with increases in 
moderate/vigorous physical activity (39), and a study in California found that changes in 
neighborhood attributes were associated with self-reported changes in physical activity within 
the neighborhood (40).  To our knowledge, ours is the first study to show an association between 
change in recreational facility density and change in recreational physical activity in adults. 
 
Limitations 
Recreational facility densities in this study were based on commercial data and did not take into 
account quality, hours, or cost, nor do we have information on whether the participants were 
utilizing the resources.  In addition, we did not include resources such as parks or other physical 
environment features that may be related to physical activity.  Previous studies examining the 




measures (41-43).  However, it is unlikely that this error is patterned in such a way that it would 
create the associations that we observed.   
 
There is little information on the relevant buffer size for use of recreational facilities.  We used 
the 1-mile buffer since most of the active individuals in this sample reported that they use 
facilities within 1-mile of their residences, and found that results did not vary in analyses using 
the ½ mile and 2-mile buffers.  We used the same buffer size for the whole sample, though the 
relevant buffer may vary by site.  Adjusting for site in our models slightly attenuated the 
observed estimates.  Furthermore, since the 1-mile buffer was measured around residential 
addresses, we did not account for facilities near the workplace. 
 
We chose to present estimates unadjusted for population density because our exposure of interest 
was the presence of facilities within a certain radius.  On one hand, more densely populated areas 
may have more resources available.  On the other hand, there is no specific reason that 
availability of facilities should affect physical activity conditional on the number of persons who 
live in the area.  In addition, population density and urban development, while relevant for 
walking for transportation, are unlikely to be related to RPA and hence unlikely to be 
confounders in our analyses.  Sensitivity analyses adjusting for population density and 
%retail/commercial facilities yielded results similar to those presented. 
 
Since physical activity was self-reported, measurement error is possible.  The form of the 
questionnaire likely results in overestimates of time spent engaging in activities; thus absolute 




24 hours of total activity per day to exclude inflated measures of self-reported activity from 
influencing the results.  Despite the limitations of the absolute values, given that the 
questionnaire was similar across time points, relative positions and trends over time remain 
meaningful.    
 
In using mixed effects models, we cannot rule out residual confounding due to unmeasured 
covariates, especially variables related to residential self-selection, such as individual preference 
for physical activity resources, which are difficult to measure. 
 
Strengths 
Our study is unique in having longitudinal data on recreational densities, physical activity 
measures, and individual and neighborhood-level covariates.  We used objective measures of 
recreational densities and our physical activity measure accounted for both duration and intensity 
of a range of moderate/vigorous activities.  In addition, our study pairs the neighborhood 
construct of interest, recreational facilities, with a relevant physical activity measure (RPA), 
addressing the limitation in previous studies of the environmental construct of interest not 
corresponding closely enough to the outcome measure of interest. 
 
With available time-varying measures, we were able to estimate the association between change 
in an objective measure of resource availability and change in RPA.  Although we cannot 
completely rule out confounding or bi-directional causation (changes in RPA of residents 




forward as compared to cross-sectional analyses, which may be hampered by the possibility that 
individuals with certain activity preferences choose neighborhoods with better resources.  
 
Conclusion 
In summary, the results from this longitudinal study suggest that greater access to recreational 
facilities may benefit middle-aged and older adults by enabling them to maintain activity levels 
as they age and experience slower declines in physical activity over time, which may lead to 
reduced morbidity and increased functional ability.  Data on quality of physical activity 
resources, individual preferences for living in a neighborhood with physical activity resources, 
and whether individuals are using available resources would allow for better estimation of the 





Table 3.1.  Socio-demographic Characteristics of Study Participants at Baseline and 2 Follow-up Exams, No. (%), Mean 
(SD), or Median (p25-p75) and Mean Annual Change in Recreational Facility Density and Recreational Physical Activity 
(RPA), the Multi-Ethnic Study of Atherosclerosis 












      
Mean follow-up (years) -- 1.6 3.2    
1-mile recreational facility density 2.1 (0.8-2.5) 2.3 (1.0-5.1) 2.7 (1.0-5.6)    0.4 (0.01)
**
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Education (%) 
 <High school 
 High school 
 Some college 
 College 
  














































   
%Unemployed 0.08 0.08 0.08    
%Poverty 0.16 0.15 0.15    

















Table 3.2.  Baseline Characteristics According to Tertiles of Recreational Facility Density and Recreational 
Physical Activity (RPA), No. (%), Mean (SD), or Median (p25-p75), the Multi-Ethnic Study of Atherosclerosis 
 
                                                                Tertile of recreational density                                Tertile of RPA 
 
   1 (low) 3 (high) 1 (low) 3 (high)  
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 Some college 
 College/graduate school 
  


































































  0.12 0.20 0.17 0.14  












































Table 3.3.  Unadjusted Mean Differences in Recreational Physical Activity (RPA) 
(MET min/week) at Baseline and Mean Differences in Annual Change in RPA Over 
Follow-up Related to Baseline Covariates,  the Multi-Ethnic Study of Atherosclerosis 
 




































   
Race (%) 
 White 







    -326.1
***
 










   
Education (%) 
 <High school 
 High school 
 Some college 
 College or graduate school 
  







 Never moved 
 Moved at least once 
 
Baseline recreational density 
 Highest tertile 
 Middle tertile 











    385.4
***
 
    718.9
***
 






   387.0
***
 
   431.4
***
 









Reference    
   -286.6
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  -238.3* 
      -682.9*** 












Table 3.4.  Mean Differences in Recreational Physical Activity (RPA)(MET min/wk) at Baseline and Mean 
Differences in Annual Changes in RPA Associated With Baseline Recreational Densities and Changes in 
Recreational Densities Over Time,  the Multi-Ethnic Study of Atherosclerosis 
             
                                         Model 1
a
                Model 2
b
            
   Estimate (SE) Estimate (SE)     
 
Model A: Baseline recreational density + interaction of 
baseline recreational density with time  
  Mean difference in baseline RPA  
   per 1-unit increase in rec density at baseline 
  Mean annual change in RPA  
   for individuals with density of 0 at baseline 
  Mean difference in annual change in RPA  
   per 1-unit increase in baseline density 
 
Model B:  Baseline recreational density + interaction of 
change in recreational density with time 
  Mean difference in baseline RPA  
   per 1-unit increase in rec density at baseline 
  Mean annual change in RPA  
   for individuals with density of 0 at baseline 
  Mean difference in annual change in RPA  















































































Figure 3.1  - Change in recreational physical activity (RPA) over time, comparing 4 different  




 percentile of baseline (BL) recreational density,  
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The association between neighborhood socio-economic composition and incident 
cardiovascular disease: methodological approaches to account for time-varying 




Within the body of work on neighborhoods and health outcomes, a large number of studies have 
focused specifically on the relationship between neighborhood environment and cardiovascular 
disease (CVD) and CVD risk factors (1-3).  Several studies have found that lower neighborhood 
socioeconomic status (4) is associated with increased risk of cardiovascular disease, after 
adjusting for individual-level factors (3, 5-9).  Despite recent studies documenting associations 
between neighborhood environments and coronary heart disease (CHD), there is a need for 
continued research to address the limitations of this work (8, 10-12) in order to determine 
whether the observed associations reflect causal processes.  In particular, longitudinal studies 
that follow subjects and neighborhoods over time are necessary to improve causal inferences.  A 
few studies have investigated the association between neighborhood characteristics and 
incidence of cardiovascular disease.  One prospective study found that lower neighborhood SES, 
as measured by a summary score constructed based on wealth and income, education, and 
occupation, was associated with increased risk of CHD, after adjustment for individual-level 
socioeconomic characteristics (7).  Similarly, two separate prospective studies conducted in 




deprivation were associated with increased risk of CHD, though these studies had little or no 
information on individual-level risk factors for CHD (i.e. smoking, physical activity, diet) (13).   
 
A major methodological challenge in these analyses is the need to account for exposures and/or 
covariates that vary over time.  Time-varying covariates may simultaneously confound and 
mediate neighborhood effects.  For example, individual physical activity may affect where a 
person lives (i.e. more physically active individuals may select to live in neighborhoods with 
more physical activity resources) but may also be a consequence of prior neighborhood 
exposures (i.e. prior exposure to an environment with higher resources may increase individuals’ 
future physical activity).  Time-varying confounding results when 1) time-varying covariates are 
associated with subsequent exposure, 2) time-varying covariates are associated with the 
outcome, independent of exposure, and 3) exposure predicts subsequent time-varying covariates 
(Figure 1).  Consider the variable physical activity in the context of studies investigating whether 
the neighborhood environment affects CVD outcomes.  Individual physical activity (PA) may be 
1) related to the type of neighborhood an individual chooses to live in (PA at time t is associated 
with neighborhood exposure at time t+1), 2) related to future development of CVD (PA at time t 
is associated with having a CVD event at time t+1), and 3) the consequence of prior 
neighborhood exposures (neighborhood exposure at time t-1 predicts PA at time t).  Under these 
circumstances, both adjusted and unadjusted analyses yield biased estimates of the causal effect 
of the exposure on the outcome. In these contexts, more sophisticated methodologies are needed 





One approach that has been used to account for time-varying confounding is the use of marginal 
structural models (MSMs).  MSMs are specifically advantageous in the situation where time-
dependent covariates may be both confounders and mediators with respect to the exposure-
outcome association of interest (14, 15).  To adjust for time-varying confounding using this 
approach, a pseudo-population is created by weighting each individual by the inverse of the 
conditional probability of receiving the exposure he/she actually received.  This pseudo-
population is balanced with respect to the distribution of possible confounders across levels of 
the exposure.  Using this weighting approach, the time-varying confounders that are in the 
pathway between the exposure and outcome are now equally distributed across levels of 
exposure and hence conditioning on the time-varying confounder (which would be problematic if 
the confounder is also a mediator) is no longer necessary (see Figure 1).  The final exposure-
outcome model is then fit to the pseudo-population data, which is unconfounded by the time-
varying covariates.  A few studies have applied MSMs in the context of either investigating CVD 
outcomes or neighborhood exposures.  Ilomaki et al (16) used MSMs to investigate the 
association between alcohol and myocardial infarction and Nandi et al (17) recently applied 
MSMs to investigate the relationship between childhood socio-economic status and CVD.  In the 
context of neighborhood exposures, Sampson et al (18) used MSMs to estimate the association 
between neighborhood disadvantage and verbal ability in African-American children and Cerda 
et al (19) applied MSMs to investigate the association between neighborhood poverty and 
alcohol use.  However, this analytic approach has not yet been explored in the context of 
estimating the association between neighborhood exposures and cardiovascular outcomes, as 
most studies lack time-varying measures on both the neighborhood exposures and biomedical 





A second methodological challenge is the need to consider cumulative effects of exposure.  Most 
longitudinal studies to date focus on exposure measured at a single point in time.  However, the 
effect of neighborhood environment on CVD risk may only be observable after exposure to an 
unfavorable neighborhood environment over a longer period of time (20).  With the availability 
of time-varying exposure information, investigating measures of cumulative exposure may better 
capture the neighborhood exposure that is associated with CVD.  In addition, comparing the 
long-term cumulative exposure to the recent exposure may also reflect the underlying biological 
mechanisms involved in the pathway between neighborhood socioeconomic composition and 
incident CVD.  A stronger association between long-term cumulative exposure to neighborhood 
deprivation and incident CVD would suggest that the pathway is more likely mediated by 
biological changes that accumulate more slowly over time, such as atherosclerosis.  In contrast, a 
stronger association between recent exposure and incident CVD would suggest a pathway 
mediated by acute biological responses, such as stress or inflammatory pathways.   
 
We used longitudinal data from a large, multi-ethnic study of adults to investigate the 
relationship between neighborhood SES and incident CVD by 1) contrasting results from using 
long-term cumulative exposure with results from using recent exposure measures to characterize 
neighborhood SES and 2) contrasting results from traditional regression models including time-









Sample:  The sample consisted of participants from the Multi-Ethnic Study of Atherosclerosis 
(MESA), a longitudinal study of cardiovascular disease conducted at six sites (Baltimore, 
Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles, California; New 
York, New York; and St. Paul, Minnesota).  MESA comprises a multi-ethnic (approximately 
38% white, 28% African-American, 23% Hispanic, 11% Chinese descent) population-based 
sample of 6,814 men and women aged 45-84 years who were free of clinical cardiovascular 
disease at baseline.  Data was collected at baseline (between 2000 and 2002) with 4 subsequent 
follow-up visits approximately every two years.  Approximately 28% of participants were lost to 
follow-up by exam 5 (this includes missing an exam and deaths). 
 
Neighborhood socio-economic composition: We obtained census tract-level data on 
neighborhood demographics from the 2000 U.S. census and from the American Community 
Survey (ACS, 2005-2009).  These two datasets were used to create factor scales of neighborhood 
SES determinates using principal components analysis (PCA).  For our analyses, we used an 
aggregate measure of neighborhood socio-economic composition as measured by a factor score 
which included:  1) % individuals 25+ with at least a Bachelor’s degree, 2) % individuals with 
managerial/professional occupation, 3) % individuals 25+ with at least a high school diploma, 4) 
Median owner value of households, 5) median household income, and 6) % of household income 
>$50,000.  A higher factor score indicated worse neighborhood SES.  The neighborhood factor 
score was linked to the MESA addresses for each participant based on the year of the address 




measures of neighborhood SES were created to reflect exposure history over time:  1) long-term 
cumulative exposure (the average of the neighborhood factor score from baseline through the 
month prior to a CVD event or end of follow-up (t-1)) and 2) recent cumulative exposure (the 
average exposure over the one year prior to an event or end of follow-up.  
 
Cardiovascular disease (CVD):  In the MESA study, participants were included only if they 
were free of clinical CVD at baseline.  During follow-up, participants were contacted by a 
telephone interviewer at intervals of 9-12 months to inquire about any interim hospital 
admission, cardiovascular outpatient diagnoses/procedures, and deaths.  Diagnoses were verified 
by obtaining death certificates, medical records, and next-of-kin interviews.  Hospital records 
were obtained successfully on approximately 98% of hospitalized CVD events and other 
information was obtained on 96% of outpatient diagnoses.  CVD events were only included if 
they were determined to be definite or probable by trained reviewers.  Events classified as 
incident CVD for these analyses included myocardial infarction, resuscitated cardiac arrest, 
definite angina, probable angina (if followed by revascularization), stroke, stroke death, coronary 
heart disease death, other atherosclerotic death, and other CVD death.   
 
Covariates: Baseline covariates included age (continuous, centered at the mean), race/ethnicity 
(White, non-Hispanic Black, Hispanic, Chinese), gender, and education (<high school, high 
school, some college, college/graduate school.  Time-varying covariates included household 
income (<$20,000, $20,000-49,999, $50,000-74,999, and >$75,000), employment status, 
smoking (never, former, current), physical activity (self-reported intensity and duration, 




were included as part of model building included self-reported diet, number of years lived in the 
neighborhood, marital status, home type (own or rent), recently moved (in the past 6 months), 
hypertension, LDL, and current alcohol use.  These covariates were not included in final models 
as the addition of these covariates did not alter the results.  
 
Statistical analyses:  In descriptive analyses, we examined the distribution of CVD events and 
baseline covariates by quintile of neighborhood SES at baseline.  We also examined the 
distribution of the time-varying covariates across the 5 MESA exams.  For any exposure and 
covariate data that was missing for an individual at a particular time point, the past or future non-
missing value closest in time was assigned. 
 
Prior to conducting regression analyses, we explored whether the time-varying covariates in 
these data acted as both confounders and mediators.  To assess the presence of time-varying 
confounding, we 1) used repeated measures linear models to estimate the associations between 
lagged measures of time-varying covariates (t-12) and subsequent neighborhood SES (to assess 
any confounding effects) and 2) used logistic models (for dichotomized covariates) and linear 
models (for continuous covariates) to estimate associations between a lagged measure of 
neighborhood SES (t-12) and subsequent time-varying covariates (to assess any mediating 
effects). 
 
To estimate the association between neighborhood SES and incident CVD, we first used Cox 
proportional hazards models with baseline and time-varying covariates, which has been the 




confounder history.  Models were adjusted for age, race/ethnicity, gender, education, income, 
currently working, BMI, physical activity, smoking status, and presence of diabetes.  Cox models 
were estimated using the SAS procedure PROC PHREG.   
 
We also estimated marginal structural models (MSMs) using inverse-probability-of-treatment-
and-censoring weighting to account for the possible presence of time-varying confounding.  The 
parameters of a MSM can be consistently estimated using a class of estimators called the 
inverse-probability-of-treatment-and-censoring weighted estimators, assuming exchangeability, 
consistency, positivity, and correct specification of the models (14, 15, 21).  This model is fit in a 
two-stage process:  1) estimate each subject’s probability of having his/her own exposure history 
and the probability of remaining uncensored, and use these predicted probabilities to derive 
inverse-probability-of-treatment-and-censoring weights (IPTCW), and 2) estimate the exposure-
outcome association in a regression model that is weighted using the IPTWCs.   
 
We followed the approach of Hernan and Robins (14, 15) to create both the treatment weights 
and the censoring weights for each participant.  In our example, the “treatment” is the continuous 
exposure neighborhood SES.  The treatment weights refer to the probability of having the 
exposure history the participant actually experienced and the censoring weights refer to the 
probability of remaining uncensored.  A participant was censored if he/she was lost to follow-up 
(includes deaths) at time t.  The final weight (IPTCW) is calculated as the product of the 





To estimate the treatment weights, logistic regression models are traditionally used for 
dichotomous treatments.  Since our measure of neighborhood SES was continuous, we used a 
normal exposure probability density function and linear regression models to estimate the 
treatment weights as per Cerda, et al (19).  Probability densities were conditional on 
neighborhood SES exposure history, baseline covariates (age, gender, race, education), time-
varying covariates (household income, employment status, BMI, physical activity, smoking, and 
history of diabetes), and remaining uncensored up to time t.   
 
The general form of the treatment weight up to time t was defined as (adapted from Cerda, et al): 
 
        
                                   
                                          
 
   
 
 
In the equation above,        is the neighborhood SES exposure at time t and             
represents prior exposure history up to t-1.        is equal to 1 if a respondent was lost to follow-
up by time t.     represents a vector of baseline covariates, and         represents a vector of 
time-varying covariates.  The denominator represents the conditional probability density of 
neighborhood SES exposure received by person i at time t with baseline covariates   , prior 
exposure, and time-varying covariates until t-1, given that they remained uncensored at time t.  
The numerator was defined similarly to stabilize the weight, and included only covariates 





To estimate the numerator of the treatment weight, we used a linear regression model to predict 
the exposure as a function of prior exposure and baseline covariates.  To estimate the 
denominator of the treatment weight, we used a similar model with the addition of time-varying 
covariates.   We used the SAS procedure PROC GLM to obtain regression estimates and their 
predicted values.  The predicted values were used to create the treatment weights based on the 
normal density assumption. 
 
We used logistic regression models to estimate the censoring weights, modeling the probability 
of remaining uncensored up to time t as per Hernan, et al (14).  These weights were combined 
with the treatment weights to create final stabilized weights.  We considered several different 
model specifications to determine the final weighting model based on the distribution of the final 
stabilized weights, with the ideal distribution having a mean near 1 and few extreme values (15, 
22).  We observed some very large stabilized weights, so we opted to trim the weights.  Since a 
very small percentage of the weights were extreme, we trimmed the top and bottom 0.4%, 
assigning the top and bottom 0.4
th





respectively.  The final stabilized weights had mean of 1.06 and a maximum value of 11.6. 
 
The final weighted regression models were estimated using pooled logistic regression using SAS 
procedure PROC GENMOD, which closely estimates a Cox proportional hazards model.  This is 
because PROC PHREG is unable to handle the time-dependent weights that are required for the 
MSM.  The final models included the exposure (either long-term cumulative exposure or recent 
exposure), all baseline covariates (age, race, gender, education), and time.  In this analysis 




each time point is unrelated to the time-varying covariates that were included when creating the 
weights.  The structure of the final weighted MSM was defined as: 
 
                                                  
                            
 
To allow for time to be modeled flexibly, the weighting models and the final MSM included time 
as a continuous variable and a transformation of time specified as a cubic spline with 5 knots.  
All analyses were conducted using SAS 9.3 (Cary, NC) and all reported p-values are 2-sided. 
 
RESULTS 
Of the 6814 MESA participants enrolled at baseline, 6191 gave consent to participate in the 
MESA neighborhood study.  After excluding participants missing data on the exposure, 
covariates, or outcome, 6138 participants remained for analysis.  Participants were followed 
from 2000-2012) and 458 cases of incident CVD were documented over 669,635 person-months 
of follow-up.  Average follow-up time was approximately 108 months.   
 
The mean neighborhood factor score at baseline was -2.4 for participants in the lowest quintile of 
neighborhood SES and 1.3 for participants in the highest quintile of neighborhood SES (Table 
4.1).  The mean neighborhood factor score declined during between baseline and the end of 
follow-up from -0.3 to -0.7, suggesting that the neighborhoods were improving slightly over time 
(a higher score indicates greater neighborhood deprivation).  Participants in the highest quintile 
of neighborhood factor score were more likely to be non-Hispanic Black and Hispanic and more 
likely to be in the lowest education and income groups as compared to participants in the lowest 




smokers, report lower levels of physical activity and higher BMI, have diabetes or hypertension 
at baseline, and develop CVD in the future. 
 
The results of investigating the assumptions for time-varying confounding by estimating the 
relationships between time-lagged covariates and future exposure and time-lagged exposure and 
future covariate values are shown in Table 4.2 and 4.3.  Household income, working status, 
smoking, physical activity, and history of diabetes, all measured at t-12, were associated with 
neighborhood SES at time (Table 4.2).  Examining the possible mediating role of the time-
varying covariates shows that living in a worse neighborhood at t-12 is associated with being in 
the lowest income group, working, and having diabetes at time t and associated with being less 
physically active at time t (Table 4.3). 
 
Using traditional methods to estimate Cox proportional hazards models (unweighted regression), 
we observed a 18% increase in the risk of CVD for every 1-unit increase in the long-term 
cumulative average of the neighborhood factor score up to t-1 (adjusted hazard ratio (HR) (95% 
CI) for a 1-unit increase in neighborhood factor score = 1.18 (1.08-1.28)), after adjusting for the 
time-variant covariates age, race, gender, income, and education (Table 4.2, Model 1).  The 
results were slighted attenuated after additionally adjusting for potential time-varying 
confounders/mediators (income, currently working, physical activity, BMI, smoking, and history 
of diabetes) (Table 4.2, Model 2a).  Estimates obtained from modeling recent exposure 
(cumulative average from t-12 to t-1) yielded estimates similar to those obtained when using 





Using MSMs (IPTCW weighted models), we observed a 7% increase in the risk of CVD for each 
1-unit increase in the long-term cumulative average of the neighborhood factor score up to time 
t-1, but the estimate was no longer statistically significant (adjusted OR (CI) = 1.07 (0.97-1.17) 
(Table 2, Model 3b).  Estimates obtained from modeling recent exposure using MSMs yielded 




In this multi-ethnic sample of men and women, we observed a greater incidence of CVD with 
increasing neighborhood deprivation using traditional time-to-event models, even after 
adjustment for individual-level income, education, and occupation.  Adjusting for individual-
level biomedical risk factors, which may be mediators in the pathway between neighborhood 
SES and incident CVD, attenuated the estimates slightly.  Using MSMs to adjust for time-
varying confounding, we observed a weaker association between increasing neighborhood 
deprivation and incident CVD, and the estimates were no longer statistically significant.  
 
We estimated both traditional regression models and MSMs to compare the results from both 
approaches to determine whether accounting for time-varying confounding resulted in estimates 
that varied greatly from the models that did not account for time-varying confounding.  If there 
were a significant amount of time-varying confounding in these data, we would expect results 
from the MSMs to differ significantly from those obtained using traditional methods. Adjusting 
for time-varying confounders in the MSMs may have accounted for the slight attenuation of the 




from the traditional analyses to be biased towards the null, since including time-varying 
covariates in these models is analogous to “adjusting out” the effect of an intermediate, and 
would result in an underestimate of the true association (though only a small amount of 
attenuation was observed with the addition of potential mediators to the traditional models.  The 
weaker associations observed in the MSM models may reflect the true direction of bias due to 
time-varying confounding in the relationship between neighborhood deprivation and incident 
CVD, which suggests an overestimate of the relationship when using traditional models.  The 
unexpected attenuation of the results after accounting for time-varying confounding could also 
be partially related to the time lag selected for the time-varying covariates (t-12), and it is 
possible that defining the time-varying covariates at a time point more proximal to the time of 
event would yield different results.  However, despite the slight attenuation in the MSM 
estimates, the magnitudes of the estimates from the two sets of models were not greatly different, 
with largely overlapping confidence intervals.  Furthermore, it has been noted that estimates 
from standard and MSM approaches cannot be compared directly, since the exposure effect in 
MSMs is marginal with respect to time-dependent covariates but conditional with respect to 
time-invariant covariates (16, 23).   
 
Our finding that greater neighborhood disadvantage was associated with increased incidence of 
CVD is similar to results from other studies.  Several studies have found that living in 
disadvantaged neighborhoods was associated with various CVD outcomes, including CHD (7, 9, 
subclinical CVD (Nordstrom, 2004 #1362, 13, 24-28), stroke (25, 29, 30), and prognosis, 
adverse events and survival after myocardial infarction (6, 31-33).  Similar to findings from 




individual-level socio-economic covariates, such as income and education, did not change the 
observed associations between neighborhood disadvantage and incident CVD, and that the 
addition of potential biomedical risk factors/mediators attenuated the associations only slightly. 
 
Despite the large body of work documenting associations between neighborhood disadvantage 
and CVD outcomes, a few studies have found weak associations, or associations that are greatly 
attenuated after adjusting for individual-level covariates.  In a cohort of middle-aged and older 
British men, Morris et al (34) found that men living in the most socially deprived neighborhoods 
had a higher incidence of CHD than men in the least deprived neighborhoods, but this 
association did not persist after adjustment for individual-level socio-demographic factors.  In 
Sweden, Merlo et al (35) observed an association between low neighborhood income and risk of 
ischemic heart disease, which was consistent with the results from several previous Swedish 
studies (9, 27, 36).  However, the association was attenuated after adjusting for individual socio-
economic characteristics and adjusting for other confounders using a quasi-experimental family-
based design.  The authors concluded, in contrast to several previous Swedish studies that the 
causal association between neighborhood disadvantage and heart disease risk was unclear and 
that neighborhoods in Sweden have a small effect on heart disease risk (35).  To our knowledge, 
ours is one of the first studies in the U.S. to investigate the association between neighborhood 
SES and incident CVD using time-varying measures on both the exposure and individual-level 
covariates, and the first study to use marginal structural models to evaluate the influence of time-





Several mechanisms have been suggested as playing role in the pathway between neighborhood 
SES and cardiovascular disease (2).  Individuals residing in disadvantaged neighborhoods may 
be more exposed to tobacco advertising and resources such as fast-food restaurants, and have 
less availability of healthy foods and physical activity resources (7, 26).  The lack of access to 
health-promoting resources and the greater exposure to health-damaging resources may in turn 
affect lifestyle factors such as smoking, diet, and physical activity, which have been shown to be 
related to neighborhood disadvantage (1, 37).  Other mechanisms that may explain the 
association between neighborhood disadvantage and CVD include lower access to health care 
resources and increased stress caused by increased psychosocial hazards in the neighborhood 
such as violent crime and abandoned buildings (9, 28, 38-40).  Chronic stress has been shown to 




Though we adjusted for several covariates in the both the traditional models and the weighting 
models for the MSMs, some residual confounding is possible.  The summary score used to 
characterize neighborhood SES may not fully capture the exposure that is most relevant to CVD 
risk and does not include any specific objective features of the environment or individual 
perceptions of the environment.  It has been argued that more detailed measures of the 
neighborhood environment are needed to understand the specific mechanisms involved in the 
relationship between neighborhood SES and CVD (38).  Few studies have considered specific 




investigate specific features of the physical and social environments of neighborhoods (both 
objective and perceived) to better understand the mechanisms involved.   
 
In addition, our exposure does not take into account non-residential exposures, and it is possible 
that exposures to workplace or other neighborhood environments may modify or confound the 
relationship between neighborhood of residence and CVD (45).  Though we used a time-varying 
measure of neighborhood SES, we only had Census data at 2 time points.  Having only two 
points of variation for the exposure may have resulted in some measurement error in the 
exposure.  However, this may have been slightly mitigated due to the available data on 
residential mobility of individuals.  The movers in this sample contributed to additional 
variability in the exposure, since the neighborhood exposure changed when an individual moved.  
Those who moved during follow-up (approximately 30%) had more than 2 points of change in 
the neighborhood exposure provided they moved out of their census tracts (over 90% of movers 




Strengths of this study included 1) the large, population-based sample, 2) the longitudinal 
prospective design, and 2) time-varying data on the neighborhood exposure, individual-level 
socio-economic factors, individual-level behavioral covariates, and biomedical CVD risk factors.  
The extensive information available on individual-level covariates enabled us to reduce 
confounding from unmeasured covariates.  We also had information on residential mobility and 




unavailable in past studies .  In addition, our measure of incident CVD was validated using 
several sources, including medical records and death certificates. 
 
Another strength of our study is that we investigated a long-term cumulative measure of 
neighborhood exposure, and compared this to a recent measure of neighborhood exposure.  Past 
studies have relied on baseline measures of the neighborhood exposure, which may not reflect 
the exposure of interest if the exposure changes over time (due to changes in neighborhood 
composition or the individuals moving to different neighborhoods) or if an accumulation of the 
exposure over time is the relevant construct.  Our findings suggest that there is no difference 
between long-term cumulative exposure and more recent exposure with respect to risk of CVD.  
However, our cumulative exposure spanned an average of 9 years of follow-up, and it is possible 
that the accumulation of exposure that may be relevant is over a longer time span (over the life 
course).  Ours is the first study to examine longer-term cumulative exposure with respect to CVD 
incidence, which addresses limitations of previous work that did not consider any time lags or 
accumulation of exposure.  Future work examining cumulative versus recent neighborhood 
exposures may help to elucidate the biological pathway involved in the association between 
neighborhood deprivation and incident CVD. 
 
We also used MSMs to adjust for time-varying confounding in the context of the neighborhood 
environment and CVD outcomes.  This approach has been warranted since most studies over the 
past decade have been adjusting for individual-level behavioral factors and biomedical CVD risk 
factors, which may be confounders but may also lie in the pathway between the neighborhood 




confounding, bias may result if these individual behaviors and risk factors are a consequence of 
prior exposure and a risk factor for future exposure.  By comparing the estimates from the MSMs 
to traditional models, we were able to assess if time-varying confounding was causing any bias 
in the traditional estimates.  The results we observed from the MSMs were slightly weaker than 
the results obtained from traditional models, suggesting that there was not an appreciable amount 
of time-varying confounding in our study, and that any small amount of time-varying 
confounding biased traditional estimates slightly away from the null.  These results may have 
implications for interpreting previous studies examining the neighborhood environment and 
CVD, in that previous findings may be slightly overestimating associations in the presence of 
time-varying confounding.  However, these results should be interpreted with caution since it is 
possible that we were not able to capture the true amount of time-varying confounding in this 
study given the limited time points for which the exposure was available.  Nevertheless, this 
study contributes to the body of research on neighborhoods and CVD by paving the way for 
future studies to analyze longer-term, time-varying measures of exposure and to employ stronger 
methodological tools to address the complex relationships that may arise between neighborhood 
exposures and time-varying covariates.  Further studies using exposure measures that capture 




Using time-varying measures on neighborhood exposure and covariates, our findings confirm 
results from previous studies which report mostly moderate associations between neighborhood 




time-varying confounding and using a long-term cumulative measure of neighborhood exposure 
versus a recent measure of exposure do not appear to alter these estimates appreciably.  Policies 
and resources targeting prevention of CVD should include neighborhood-level approaches in 
addition to individual-level interventions to help individuals to attain and sustain healthy 




Figure 4.1:  Directed acyclic graphs (DAGs) illustrating time-varying confounding (study population) and the removal of time-varying 
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Table 4.1 – Baseline characteristics by quintile of SES factor score, No. (%) or Mean value, the Multi-Ethnic Study of 
Atherosclerosis 
 
                                                     Quintile of Neighborhood Factor Score                         Exam Number 
 
  1(better)      3 5 (worse) 1 2        3              4       5 
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History of diabetes (%) 







































































































































      23            23 
      37            37 
      17            16 
      23            23 
 
 
      50            47 
      37            42 
      13            11 
 
      56            51   
 
     840          743       
     28.3         28.4 
 
      12            15 
      44            46 
    125.9        124.2 
    117.2        113.6 


















    23            22 
    36            36 
    17            17 
    24            25 
 
 
    45             45  
    44             45 
    11             10 
 
    50             45   
 
   840           840 
   28.3          28.4 
 
    17             19 
    48             52 
   123.2      123.5 
   117.8      111.2         


















   20 
   35 
   17 
   28 
 
 
   45 
   47 
   8 
 
   44 
 
  1650 
  28.4 
 
   23 






Table 4.2 – Parameter estimates and standard errors from repeated measures 
linear regression models investigating the relationship between selected lagged 
measures of time-varying covariates (at t-12) and neighborhood factor score over 
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***
P < 0.0001 
Adjusted for age, gender, race/ethnicity, education, household income, working, smoking, 

























Table 4.3 – Odds ratios and 95% confidence intervals (for dichotomous covariates) and 
parameter estimate and standard error (for continuous physical activity), estimating the 
association between lagged neighborhood SES (at t-12) and selected time-varying covariates, 











     
  
              
 
                  
 






History of diabetes (Yes) 
 
























    
***
P < 0.0001 
Adjusted for age, gender, race/ethnicity, education, household income, working, smoking,  





Table 4.4 – Hazard ratios or odds ratios of CVD per 1-unit increase in neighborhood SES score 
from traditional models and marginal structure models (MSM) 
  








  Model 2a 
 
    Model 2b                      
  
              
 
                  




1.18 (1.08-1.28) 1.13 (1.03-1.24) 1.07 (0.97-1.17)    
Recent exposure
§ 1.18 (1.07-1.29) 1.15 (1.04-1.27) 1.08 (1.00-1.19)    
       
 
¥
Long-term cumulative average, defined as the mean exposure from baseline through t-1 
§
Recent average exposure, defined as the mean exposure from t-12 through t-1 
 
Model 1 – Adjusted for age, gender, education (time-invariant covariates) 
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Overall summary of research and findings 
Though there is a sizeable body of evidence indicating that there is an association between the 
neighborhood environment and cardiovascular disease and its risk factors (specifically physical 
activity and diet), methodological limitations related to residential self-selection and the absence 
of prospective studies with time-varying data on neighborhoods and individuals have warranted 
further examination of these associations using 1) time-varying information on neighborhoods 
and a range of individual-level covariates and 2) more sophisticated longitudinal methods.  Much 
of the research in this area over the past decade has been cross-sectional, and only a few recent 
longitudinal studies have attempted to account for potential reciprocal relationships between 
neighborhood exposures and individual-level outcomes, usually by adjusting for individual self-
reported preferences measured at one point in time (1-3), and few studies have addressed the 
possible presence of time-varying confounding (4).  Although previous studies have provided 
evidence of a true association between the neighborhood environment and CVD-related 
outcomes, the debate in the literature regarding whether these associations are causal has 
continued.  This dissertation contributes to the literature by using longitudinal data to 1) 
investigate if individual physical activity and diet are related to moving to or staying in 




investigate whether changes in neighborhood recreational facilities over time are related to 
changes in physical activity over time, and 3) investigate whether neighborhood socio-economic 
composition is associated with incident CVD after accounting for possible time-varying 
confounding by individual-level factors.   
 
Chapter 2 examined whether higher physical activity predicted whether individuals moved to 
neighborhoods with better availability of resources that supported physical activity, and also 
examined whether better diet predicted whether individuals moved to neighborhoods with 
greater availability of favorable food stores.  Similar analyses were conducted among individuals 
who did not move between exams to examine whether changes to the neighborhood recreational 
facilities or favorable food stores around stable residents were predicted by their physical activity 
and diet.  Finding evidence for these associations would suggest that self selection (persons with 
more favorable behaviors moving on average to areas with better resources) or endogeneity (the 
behavior of residents affecting subsequent changes in their neighborhoods) need to be accounted 
for in studies of neighborhood health effects.  Movers who were more physically active prior to 
moving were more likely to move to neighborhoods with greater availability of recreational 
facilities than movers who were less active.  This association was slightly weakened after 
adjusting for recreational density prior to the move, suggesting that some of the association 
observed prior to adjustment was due to the cross-sectional association between recreational 
density and physical activity prior to moving and the correlation between recreational densities 
in the neighborhood of origin and the new neighborhood.  Among non-movers, physical activity 
was not strongly associated with a more favorable change in the availability of facilities, 




their neighborhoods.  For both movers and non-movers, diet did not predict moving to or staying 
in neighborhoods with better availability of favorable food stores.  However, the analyses were 
limited to using a single time-point measure of diet, since diet was only measured at baseline. 
 
By examining “reciprocal relationships”, these analyses further the understanding of the  
role of these specific health behaviors in residential selection, which allows for more meaningful 
interpretations of previous and future findings related to the influence of the neighborhood 
environment on individual physical activity and diet.  In other words, the findings in Chapter 2 
that residential selection does occur based on physical activity behavior in this sample of multi-
ethnic adults suggests that residential self-selection may play a role in the association between 
the neighborhood environment and physical activity, especially among adults who move 
residences.  Based on these results, attempting to account for self-selection in future studies, 
either by using robust longitudinal designs, adjustment for individual preferences, or both, 
continues to be of importance. 
 
Chapter 3 examined the association between neighborhood availability of recreational facilities 
and changes in physical activity and found that individuals who experienced greater increases in 
the densities of recreational resources around their homes experienced a less pronounced decline 
in recreational physical activity over time.  Although on average physical activity declined in this 
sample of middle-aged and older adults, the decline was almost eliminated for individuals who 
experienced the greatest increases in the density of facilities.  The association between 
availability of facilities and physical activity change was stronger among older adults, which is 




influenced by their environments (5, 6).  Additional research in older adults is needed to further 
corroborate this finding.  Although Chapter 2 found some evidence for the selection of 
individuals into neighborhoods with better physical activity resources based on previous physical 
activity level, the longitudinal change versus change analyses from Chapter 3 suggest that there 
is an association between the change in objective availability of physical activity resources and 
change in physical activity.  Since the analyses from Chapter 3 did not adjust for any measures 
of self-selection, completely ruling out the possibility that some of the observed association may 
be due to reciprocal relationships is not possible.  However, the change versus change analysis is 
a major improvement over cross-sectional analyses and longitudinal analyses that use only a 
single measure of the neighborhood exposure or physical activity.  Taking the results from 
chapter 2 and 3 together, is likely that there is some degree of residential selection that is 
involved in the relationship between the neighborhood physical environment and physical 
activity.  Therefore, analyses like those conducted in chapter 3 of this dissertation, examining 
change over time in both the neighborhood exposure and physical activity move us one step 
closer to estimating the causal association between the neighborhood environment and physical 
activity.   
 
Chapter 4 used longitudinal data to investigate the relationship between a composite measure of 
neighborhood socio-economic composition and incident CVD by 1) contrasting estimates from 
using long-term cumulative and recent measures of exposure and 2) contrasting estimates from 
traditional regression models, adjusting for time-varying covariates, with marginal structural 
models (MSM) which account for time-varying confounding.  Increasing neighborhood 




MSMs, even after adjusting for individual-level socio-economic factors and time-varying CVD 
risk factors.  These associations did not differ by exposure accumulation and timing; the results 
for cumulative exposure were similar to those for recent exposure.  Adjusting for individual-level 
biomedical risk factors, which may be mediators in the pathway between neighborhood SES and 
incident CVD, attenuated the estimates from the traditional models slightly.  Estimates from 
MSMs yielded slightly weaker associations between increasing neighborhood deprivation and 
incident CVD.  Since estimates from the MSMs and unweighted models cannot be directly 
compared (7) and the confidence intervals between the two sets of estimate overlap greatly, the 
comparison of the results suggests that there is very little difference between the MSM, which 
adjusts for time-varying confounding, and traditional models that did not.  Since the exposure 
was measured at only two time points, it may not have been possible to capture the true presence 
of time-varying confounding in these data.  Therefore, the conservative conclusion is that, 
though it does not appear that time-varying confounding yields biased estimates in the 
association between neighborhood socio-economic composition and incident CVD using these 
data, investigating the presence of time-varying confounding empirically when studying this 
relationship in the future may be of value, especially if the exposure has greater variation over 
time. 
 
This dissertation moves forward the quest to determine whether there is a causal relationship 
between the neighborhood environment and physical activity and the neighborhood environment 
and incident CVD, though the implications of this work can be extended to and examined in 
other neighborhood exposure-health outcome relationships.  If there is a causal association 




implication is that increasing the availability of recreational facilities should result in 
improvements in individual physical activity.  However, since experimental studies may not be 
feasible or may be difficult to implement in the context of neighborhoods and health, 
longitudinal analyses like those investigated in this dissertation move us closer to understanding 
if these relationships may be causal, though even well-designed longitudinal studies using 
rigorous methods may be limited in their ability to make causal inferences (8). 
 
Strengths and Limitations 
Measurement error is possible in the physical activity and diet measures since they were self-
reported.  Though the form of the MESA physical activity questionnaire likely results in 
overestimates of self-reported physical activity, these overestimates are unlikely to result in any 
systematic bias.  Diet, as measured by the Alternative Healthy Eating Index, was measured only 
at baseline, and examining changes over time in diet in relation to residential selection may be 
needed to better estimate if diet is associated with selection into neighborhoods based on 
availability of healthy foods.  It is also possible that more specific measures of diet, such as fast 
food consumption or fruit/vegetable consumption, which were not investigated in this 
dissertation, are better predictors of selection into neighborhoods based on healthy food 
availability.   
 
The measures of recreational facility and food store densities that were used in these analyses 
lacked specific information about the facilities such as quality of facilities, hours of operation, 
and cost.  Although the density measures reflected the presence of facilities within a 1-mile 




facilities or using these facilities was not available.  Another limitation with using commercial 
databases to obtain the data on recreational facilities and food stores is that there may be 
considerable measurement error in the databases (9-11).  Since the 1-mile buffer was measured 
around residential addresses, the density measures did not account for facilities and food stores 
near the workplace.  With respect to estimating the impact of the objective physical environment 
on physical activity, measures on resources such as parks were not available, and these other 
features of the physical environment may be related to physical activity. 
 
These analyses also did not account for perceived measures of physical activity resources or 
healthy food availability, and it is possible that self-selection based on physical activity or 
healthy eating behaviors is more strongly related to perceived access to resources.  It is also 
possible that individual preferences for availability of resources, which was not available for 
these analyses, better predicts residential selection than health behaviors do.  Though we 
adjusted for several time-invariant and time-varying characteristics, including neighborhood-
level characteristics where appropriate, it is not possible to rule out residual confounding due to 
unmeasured covariates, especially unmeasured covariates that may be related to selection into 
neighborhoods, such as individuals’ preferences, which are difficult to measure.   
 
Chapter 4 uses a composite measure of neighborhood socio-economic composition as the 
exposure, calculated using Census data from only 2 time-points.  Though this is consistent with 
past studies that have used various Census measures of neighborhood socio-economic status to 
investigate possible relationships with CVD outcomes and allows direct comparison with past 




measured at multiple time points, may better elucidate the mechanisms involved between the 
neighborhood environment and CVD.  Since the exposure was only available at 2 time points for 
these analyses, we interpolated the available data to the other time points, which may have 
resulted in some measurement error. 
 
The research conducted for this dissertation used data from the Multi-Ethnic Study of 
Atherosclerosis, which follows adults who were aged 45-84 at baseline.  The generalizability of 
the results from this work may not extend to younger adults, especially because factors that may 
impact residential selection may differ greatly for younger adults, for whom residential selection 
based on health behaviors and/or individual preferences may be overshadowed by selection 
based on life stage developments, such as job changes, marriage, good school districts, etc.  
Given the large, multi-ethnic, multi-site sample, the results of this work are likely generalizable 
to middle-aged and older adults in the U.S., and possibly other developed countries with similar 
distributions of race and socio-economic status. 
 
Strengths of this dissertation include the availability of longitudinal data on 1) objective 
measures of recreational densities and food store densities; 2) physical activity measures that 
accounted for both duration and intensity of activities; 3) individual and neighborhood-level 
socio-economic characteristics; 4) individual-level behavioral and biomedical CVD risk factors; 
and 5) residential mobility and housing information, including data on when individuals moved, 
to where they moved, duration of residence, and whether they owned or rented their homes; 6) 
cardiovascular outcomes that were validated using medical records and death certificates.  A 




variables, since the majority of studies in the past that have investigated the association between 
the neighborhood environment and physical activity or CVD lack time-varying measures on one 
or more of these variables.  The second major strength is the use of longitudinal models that 
estimate change versus change, and longitudinal models which control for time-varying 
confounding.  Both of these methodological approaches are useful for estimating associations 
between the neighborhood and health outcomes in the presence of residential selection into 
neighborhoods based on individual-level factors, and have been implemented in few studies. 
 
Public health significance, policy implications and future research directions 
Physical inactivity and poor diet have made the U.S. a nation with a less-than-ideal proportion of 
overweight and out-of-shape individuals in just a few generations.  As individuals age, declining 
physical inactivity and increasing obesity may increase the risk of developing chronic diseases, 
such as CVD, diabetes, certain cancers, and depression, among others.  The benefits of physical 
activity on cardiovascular health specifically have been documented extensively (12, 13), and 
CVD is the leading cause of death for men and women worldwide (14).  To target changes in 
individual-level CVD risk factors to reduce the burden of CVD, intervening on multiple-levels, 
as posited by the socio-ecological framework (15), may be needed.  Studies documenting the 
associations between neighborhood-level exposures and individual-level CVD risk factors as 
well as incident CVD can play a significant role in providing evidence for community-based 
interventions and neighborhood-level changes to be coupled with individual-level interventions. 
 
The current evidence is strengthened by the work of this dissertation, which highlights the 




environment and physical activity and incident CVD, while empirically investigating issues 
related to residential selection as well as time-varying confounding.  Though many studies have 
investigated these relationships, there remain questions as to how much of the observed 
associations are due to the possibility of reciprocal relationships.  Understanding the true 
magnitude of the association between neighborhood exposures and these health outcomes has 
implications for the prevention of CVD and other physical activity-related health outcomes, 
since it is difficult to argue that neighborhoods should increase their availability of resources that 
support healthy behaviors without understanding if these changes would actually impact 
individuals’ behaviors. 
 
To inform policy applications, there is a need for this type of longitudinal evidence to explain 
whether and to what degree residential self-selection plays a role in the relationship between 
neighborhoods and health.  Do community design and neighborhood resources play a causal role 
in influencing individual behavior, or do individuals with certain lifestyles or preferences choose 
environments with particular community designs or availability of health-promoting resources?  
Recent and past work has supported both sides of the debate, in that self-selection does appear to 
play a role, but the neighborhood environment appears to influence individual outcomes after 
accounting for self-selection.  Empirically investigating the presence of residential selection, as 
in Chapter 2 of this dissertation, is an important contribution to understanding the role 
neighborhood resource availability may play in influencing individual behavior and health.  It is 
likely that both the neighborhood environment and individual preferences are involved, and 
empirical evidence supporting this can inform the development of policies that aim to improve 





Though self-selection has been cited as a major issue in neighborhood health research, the 
presence of selection into neighborhoods based on individual factors does not necessarily 
decrease the importance of the influence of the neighborhood environment on health. 
Understanding the influence of the neighborhood environment on health is complicated because 
there are complex relationships between the neighborhood environment, individuals’ preferences 
for particular behaviors, individuals’ preferences to live in particular types of neighborhoods 
(which may or may not be related to behavioral preferences), individuals’ perceptions of their 
neighborhood environments, and the objective presence of resources in their neighborhoods.  
Furthermore, not all individuals will be affected by their environments in the same way, or exert 
influences on their environments in the same way.  The most health-conscious individuals may 
find a way to keep up their healthy behaviors regardless of their environments, and the least 
health-conscious individuals may not change their behaviors even if they live in health-
promoting environments.  It is likely that most individuals fall somewhere the middle, where 
they are impacted by their environments to varying degrees.  Using the neighborhood physical 
environment and physical activity as an example, improvements to the neighborhood 
environment can affect individuals by 1) facilitating physical activity for those who prefer to 
engage in healthy lifestyles and 2) influencing those who may not be driven by preferences to 
engage in physical activity due to the ease of access to resources that support and encourage a 
physically active lifestyle.  It is likely that part of the association between the environment and 
physical activity is a direct effect and that part of the association is the result of residential 
selection, highlighting the need for public health strategies that focus on developing activity-





Another reason the presence of self-selection should not diminish the importance of the influence 
of the neighborhood environment on health is because many individuals cannot actually select 
where they live based on their health behaviors or preferences due to socio-economic constraints 
or other factors.  For this reason, even if these individuals prefer to engage in healthy behaviors 
and live in areas with health-promoting resources, they may move to or stay in environments that 
do not support their preferred behaviors because they have no other options.  Creating 
neighborhood environments that support and encourage healthy behaviors and minimize 
psychosocial stress, which has been shown to be related to CVD outcomes, continues to be of 
importance for the health of individuals who are not able to select environments based on their 
preferences.  Future studies examining residential selection and preferences should attempt to 
collect information not only preferences for health-promoting resources, but also on individuals’ 
perceived abilities to select neighborhoods based on these preferences.  Though several studies 
have collected data on neighborhood preferences, none have published results using data on 
changing preferences over time.  Future longitudinal studies should collect data on how 
preferences are changing over time, in addition to collecting data on changing neighborhood 
factors and individual behaviors. 
 
Future studies should also consider the interaction between preferences and objective measures 
of the neighborhood environment and/or the interaction between the perceived environment and 
the objective environment.  Using physical environment and physical activity as an example 
once again, if selection into neighborhoods based on individual factors plays a large role in the 




association between the physical environment and physical activity should find weaker 
associations among those whose preferences indicate that they do not prefer to live in areas with 
greater availability of facilities or who perceive that their environment does not have many 
facilities to support physical activity.  One recent study that has examined this type of interaction 
found that those individuals who did not have a preference for exercising or living in a 
neighborhood with greater availability of facilities were more likely to be influenced by their 
environments (16).  This study showed that the association between neighborhood physical 
environment and leisure-walking was stronger among those with more perceived barriers to 
exercise, less perceived psychosocial support, and less perceived benefit of exercise, suggesting 
that the physical environment benefited those individuals that had a lower preference to exercise 
and a lower preference for exercise-related facilities.  More studies should consider stratifying by 
individual preferences and perceptions of the environment to better understand how much of an 
impact the presence of self-selection may have on the association between the neighborhood and 
health-related outcomes.  Future work in this area could be further enhanced by including 
information on residential history and other variables related to the lifecourse to better capture 
preferences and behaviors that may be related to residential selection over a longer period time.  
Especially for individuals who are not able to select their neighborhoods based on preferences, 
understanding which subgroups of these individuals may benefit more from living in 
environments that support healthy behaviors may target neighborhood-level changes to specific 
areas.  This may help to reduce racial and socio-economic disparities in physical activity and 





Since true experimental studies are not likely feasible in the context of neighborhoods and 
health, longitudinal observational studies continue to be of great importance.  In addition to 
longitudinal observation studies, another direction for future research is the design of quasi-
experimental studies and natural experiments.  These types of studies can, for example, directly 
measure changes in individual-level outcomes that may result after re-location to a particular 
type of neighborhood or measures changes in individual outcomes in a neighborhood after some 
major changes to the built environment are made.  A few of these studies have been undertaken 
in the past few years (6), but further carefully designed studies, perhaps in collaboration with 
urban planners and community organizations may yield more insight into the direct effect 
neighborhood-level changes may have on individual outcomes.   
 
Following from chapter 4 of this dissertation, since selection into neighborhoods due to 
individual-level factors can result in time-varying confounding, future studies investigating the 
association between the neighborhood environment and incident CVD should consider using 
methods to adjust for time-varying confounding.  The few studies that have adjusted for time-
varying confounding in the context of neighborhoods and health-related outcomes have found 
that adjusting for time-varying confounding yielded less biased estimates than using traditional 
methods (4).  Although the results from Chapter 4 of this dissertation did not observe a 
difference between models adjusting for time-varying confounding and traditional models, future 
studies should examine the association between the neighborhood environment and incident 
CVD with the exposure measured at more than one time point.  The absence of strong time-




time-varying confounding is not present, only that it was not apparent using the available 
measures of exposure and covariates in MESA.   
 
Future studies should also consider more specific neighborhood constructs, such as objective and 
perceived features of the neighborhood physical and social environments, which are more 
closely related to the mechanisms that may be involved in the pathway between neighborhood 
socio-economic composition and CVD.  Future studies that investigate the association between 
objective features of the physical environment with incident CVD outcomes (or other health-
related outcomes) should still consider using approaches that adjust for time-varying 
confounding, including the possibility of time-varying confounding by neighborhood SES.   
 
Conclusion 
Overall, this dissertation addresses important methodological limitations to provide evidence 
with which to make more robust inferences in the study of the neighborhood environment and 
CVD-related outcomes.  The results of this dissertation showed that there was a longitudinal 
relationship between the neighborhood environment and physical activity that may be partially 
explained by residential selection.  This work also showed that the application of more advanced 
methodologies to control for time-varying confounding in the study of neighborhood 
environment and cardiovascular outcomes led to conclusions similar to what has been found in 
previous studies.  The longitudinal approaches undertaken as part of this dissertation should 
motivate additional research which continues to address these methodological issues in the study 
of neighborhoods and health.  This is important because more robust evidence in this area of 




to recreational facilities and access to healthy foods, and considering the physical environment 
when designing or re-building neighborhoods.  Ultimately, these policies, in addition to 
individual-level interventions, may help promote healthy lifestyles and prevent cardiovascular 
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